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Abstract 
Alluvial aquifer systems are major components of many catchments, are vital for the 
maintenance of healthy stream ecosystems, and provide an essential water source for 
multiple uses. Sustainable management of these alluvial aquifers is critical, but to 
enable this, a solid understanding of hydrological processes is required. The alluvial 
system of Cressbrook Creek in subtropical southeast Queensland is a good example 
of an aquifer system that is an essential water supply for intensive irrigation. 
However, this water supply is subject to an increasing number of competing 
pressures, including the construction of a dam in the catchment headwaters, which 
has contributed to reduced creek flow and lower groundwater levels in the alluvium. 
Continued groundwater abstraction for crop irrigation further decreased water 
storages during an extended drought, before groundwater storage was replenished in 
December 2010 and January 2011 as a result of heavy rain and associated flooding. 
The frequency and severity of these climatic extremes are predicted to increase, and 
such events will continue to impact on alluvial groundwater resources. These 
conditions confirm that an understanding of the hydrological processes associated 
with such extreme climatic events is vital for the continued groundwater resource 
management of this alluvial aquifer system and for groundwater resources in similar 
settings. Therefore, it is critical that methods are developed for the analysis of these 
climatically induced hydrological processes, particularly in relation to episodic 
recharge and interactions between surface waters and groundwater. The hydrological 
processes described in this thesis are potentially analogous to those that occur in 
comparable locations, and the methods developed here may be applied to other 
catchments. 
This thesis is structured around three linked papers, which provide a holistic 
assessment of hydrological processes, particularly in relation to surface and 
groundwater interactions, and the identification of various recharge processes, 
including diffuse recharge, channel leakage and bedrock seepage. An important 
aspect of the study is the response of the alluvial aquifer to climatic variations, 
including the protracted drought from the late 1990 until 2009, and the subsequent 
period of heavy rain and flooding in 2010 to 2011.  
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Paper 1 outlines the catchment character and identifies and explains 
hydrochemical changes to groundwater composition that result from the observed 
climatic variations. An extensive geological dataset is integrated to produce a three-
dimensional (3D) geological model of the alluvium and the broader catchment, 
which provides a framework enabling assessment of geological controls on 
hydrological processes. This assessment is coupled with a multivariate statistical 
analysis (MSA) of time series hydrochemical data, which are used to characterise 
hydrochemical assemblages. Hydrochemical processes were then identified and 
described using the geological framework. Paper 2 assesses the response of aquifers 
to flooding, together with the inter-aquifer connectivity between the alluvium and the 
underlying bedrock. A suite of isotopic tracers is employed (δ2H, δ18O, 87Sr/86Sr, 
tritium and 14C) in conjunction with a comprehensive assessment of hydrochemical 
patterns to understand the link between alluvial groundwaters and the aquifer 
materials. In paper 3, multiple methods are applied to quantify recharge rates in the 
alluvial aquifer, including the water budget method, the chloride mass balance 
method, tritium, and the water-table fluctuation (WTF) method.  
The alluvium is characterised by a fining-upwards sequence, which is 
typically composed of basal sands and gravels, overlain by silts and clays. The 
thickness of the upper, low permeability layer increases with distance downstream, 
whereas the thickness of the basal high permeability layer decreases down-gradient. 
These variations are related to depositional processes, but also indicate that the lower 
parts of the catchment may receive less diffuse recharge (vertical infiltration from 
rainfall or irrigation returns) than the upper parts.  
Alluvial groundwaters of Cressbrook Creek are generally fresh to brackish 
with no dominant cation and with low SO4 concentrations. The alluvial groundwaters 
generally evolve chemically with distance downstream and with distance from the 
creek. This evolution is marked by an increase in salinity, longer groundwater 
residence times and higher Cl/HCO3 ratios. Stable isotopes (δ2H and δ18O) and Cl 
concentrations confirm that these more evolved groundwaters have also been 
subjected to higher degrees of evapotranspiration, and the elevated Ca and Mg 
concentrations result from the dissolution of silicate minerals.  
During the period of this study, baseflow for Cressbrook Creek was typically 
generated within the upper parts of the catchment, whereas the drainage system was 
predominately losing in the lower reaches. However, hydrograph data covering 
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longer periods show that this relationship is variable, and highly dependent on 
antecedent rainfall. In the wider, lower parts of the catchment, channel leakage is a 
key process for the maintenance of groundwater quality and storages. The 
hydrological effects of this high recharge rate during floods and periods of high 
stream-flow are particularly important near the confluence of Cressbrook Creek and 
the larger Brisbane River. In this downstream area, diffuse surface recharge is 
limited by the relatively thick, low permeability unsaturated zone. In comparison, 
infiltration rates are relatively high below the streambed, where the unsaturated zone 
has been incised by the creek and the high permeability basal sediments of the 
alluvium are in hydraulic connection with the streambed. 
Bedrock discharge to the alluvium was identified from isotopes and 
hydrochemical data at several locations in the lower part of the catchment where 
recharge rates are relatively low. In these areas, bedrock seepage into the alluvium is 
enabled by lower groundwater levels in the alluvium. This lower water-table is due 
to the combined effects of reduced surface water flow following upstream dam 
construction, the extended dry period and the continued abstraction of groundwater 
by irrigators. The lower parts of the catchment are particularly vulnerable to changes 
in surface water flows, as channel leakage is a major source of recharge in this area.  
Estimates of total recharge for the alluvial system of Cressbrook Creek were 
variable, depending on the method of investigation. The catchment-wide recharge 
estimate from the water budget method was approximately 41-56 mm/year 
(corresponding to 5-7% of average annual rainfall), representing the hydrological 
conditions that occurred during periods of average rainfall. In contrast, recharge 
estimates from tritium and the WTF method generated a catchment-wide recharge 
rate of approximately 86 mm/year (corresponding to 10% of average annual rainfall). 
This result demonstrated the effect that variations in rainfall can have on recharge 
estimates that are obtained using chemical tracers (i.e. tritium) and the WTF method.  
There are significant spatial variations in recharge mechanisms, soil 
characteristics and recharge rates. In the upper parts of the catchment, alluvial 
groundwater is predominately recharged by diffuse infiltration of rainfall, and 
recharge rates vary from approximately 130-250 mm/year. In the lower parts of the 
catchment, recharge rates vary depending on proximity to the creek. For wells 
located close to the creek, recharge typically ranged from 80-190 mm/year. For wells 
located distal to the creek, recharge rates range from 4-90 mm/year, but they are 
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generally <30 mm/year, highlighting the importance of channel leakage for the 
replenishment of the alluvial aquifer.  
Significant outcomes from this study include the development and refinement 
of methodologies relating to the assessment of hydrogeological processes. The first 
paper demonstrates that a multivariate statistical analysis of time series 
hydrochemical data is greatly enhanced by the integration of a three-dimensional 
geological model, as this enables a better hydrogeological conceptualisation. It also 
underscores the influence of episodic climatic events and catchment 
geomorphological characteristics on groundwater recharge and chemistry. The 
second paper highlights the importance of a comprehensive hydrochemical 
assessment for the interpretation of results from multiple isotope techniques. In 
particular, this paper also demonstrates the value of time series rainfall stable isotope 
data for the identification of hydrological processes that result from flooding, such as 
aquifer recharge and the generation of baseflow. In the third paper, the importance of 
an appropriate conceptual hydrogeological model is discussed, particularly in 
relation to understanding the influence of surface- and groundwater interactions and 
bank storage processes on groundwater recharge estimates. Of note, the application 
of the water-table fluctuation method, a commonly used procedure, is shown to over-
estimate water resources in areas where bank storage occurs. In addition, the third 
paper shows that the groundwater time lag response to changes in atmospheric 
pressure can be used to assess recharge potential, recharge processes and aquifer 
vulnerability. 
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Chapter 1: Introduction 
Alluvial aquifers are a major resource for irrigation, town, stock and domestic uses, 
particularly in regions where surface water is scarce (e.g. McLean et al. 2000; 
Houston 2002; Guo and Wang 2004; Schoups et al. 2005). In Australia, alluvial 
aquifers account for 60% of all groundwater extracted (Geoscience Australia 2013), 
mainly because alluvial groundwater bores are relatively shallow and therefore cheap 
to install, and they often have high yields. However, over-exploitation of 
groundwater resources can have undesirable consequences, especially in systems 
where groundwater and surface water are intimately linked, as is the case in many 
alluvial systems (Richter et al. 1996). Over-exploitation of these alluvial systems can 
reduce the water flow in streams (Winter et al. 1998), and it can also impact on the 
ecological health of the riparian zone (Woessner 2000), which is one of the most 
diverse habitats on the planet (Naiman and Decamps 1997). Therefore, sustainable 
management of these alluvial aquifers is essential; however, for this to occur a good 
understanding of hydrological processes including groundwater recharge, mixing and 
stream-aquifer interactions is required (Hrachowitz et al. 2011; Dogramaci et al. 
2012).  
In the alluvial system of Cressbrook Creek in southeast Queensland, the 
assessment of hydrological processes is complicated by climatic variability, 
including periods of extended drought and severe flooding. Moreover, this climate 
variability is projected to worsen as a result of climate change, which is likely to 
increase the number of extreme rainfall events and intensify potential evaporation 
(Parry et al. 2007). This forecasted climate change will impact on river flows (Arnell 
and Gosling 2013) and groundwater recharge processes (Green et al. 2011). This is 
particularly important for alluvial aquifers, for which high intensity rainfall is an 
significant source of groundwater recharge (Hughes et al. 2011). Therefore, it is 
important to understand the impacts of episodic recharge on alluvial aquifers. 
The whole southeast Queensland region has experienced extreme climate 
variations in recent years, with a prolonged drought from the mid-1990s until around 
2009, and a severe flood event in January 2011. Drought conditions resulted in 
depleted alluvial groundwater levels and increased salinity, whereas flooding 
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generated significant recharge to alluvial aquifers, causing higher groundwater levels 
and improved water quality. Recharge is enhanced during flood events, due to a 
combination of factors, including: (1) the enhanced permeability of the creek bed 
during the flood, due to scouring of the clogging layer by high velocity flows (e.g. 
Cendón et al. 2010; Simpson and Meixner 2012); (2) the enlarged pathway between 
surface- and groundwater, due to the increased width of the creek and the saturated 
zone beneath it (e.g. Lange 2005); and (3) the increased head gradient between the 
creek and the stream (e.g. Rushton and Tomlinson 1979). 
The Cressbrook Creek alluvial system, which is intensively utilised for 
irrigation of crops and grazing land also experienced many of the above impacts. 
Approximately 3000 ML of alluvial groundwater is abstracted annually, and a further 
1000 ML of surface water is extracted from Cressbrook Creek, but irrigation is often 
restricted by limited water supplies, particularly during periods of drought. This 
condition was exacerbated by the construction of Cressbrook Dam in the headwaters 
in 1983. Initially, authorities made controlled water releases from the dam to 
recharge alluvial groundwater, but due to prevailing drought conditions, these 
releases were significantly reduced (Bleakley 1996) and eventually phased out 
altogether. It is apparent that a better understanding of hydrological processes within 
this whole catchment is required so that controlled water releases from the dam can 
be effectively managed. Furthermore, these extreme climatic conditions present an 
ideal opportunity to study the impacts of episodic rainfall and flooding on an alluvial 
aquifer system. 
1.1 AIMS 
The Cressbrook Creek catchment hosts important irrigation supplies and the 
evaluation of hydrological processes is essential for the management of this vital 
resource. Therefore, this thesis aims to determine hydrological processes within, and 
associated with, the Cressbrook Creek alluvial aquifer system. Specific aims include 
the assessment of: 
1) Surface water-groundwater interactions;  
2) The impact of flood / drought cycles (climatic variability) on groundwater 
quality and storage; 
3) Seepage from underlying bedrock aquifers; and  
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4) Diffuse recharge and channel leakage, together with an evaluation of recharge 
rates. 
An important aspect of the study is the innovative use of chemical and 
isotopic methods which have the potential to be transferred to other similar settings. 
Methods that assess surface- and groundwaters interactions are particularly relevant, 
as there is an increasing awareness of the need to manage these water reserves as a 
single resource. However, to successfully apply this management strategy; the water 
authority must first understand these surface- and groundwater interactions. The 
traditional approach is to manage surface waters and groundwaters separately 
(Winter et al. 1998); however, this is overly simplistic and can often lead to double 
accounting of one parcel of water (i.e. groundwater that becomes surface water and 
vice-versa). Moreover, with the predicted increase in climate variability (Parry et al. 
2007), it is becoming increasingly important to understand the impacts that drought 
and flood cycles have on groundwater resources.  
1.2 APPROACH 
Three stand-alone papers are presented in this thesis (Chapters 4 to 6, discussed 
below), together with a broad overview of the study area (Chapter 2) and the research 
topics (Chapter 3). In Chapter 7, the main findings of the three papers are integrated 
and discussed in relation to the aims of the thesis, and the conclusions are presented 
in Chapter 8.  
1.2.1 Paper 1 (Chapter 4) - Multivariate statistical analysis of hydrochemical 
data to assess stream-alluvial aquifer connectivity during flood and 
drought: Cressbrook Creek, southeast Queensland, Australia. 
Hydrogeology Journal (2014), 22(2), 481-500, DOI:10.1007/s10040-013-
1057-1. 
This paper assesses historical hydrochemical data from the Department of Natural 
Resources and Mines (DNRM 2012) as well as from sampling campaigns conducted 
for this study in June-September 2011. Hierarchical cluster analyses and principal 
component analysis are applied to time series data to evaluate the hydrochemical 
evolution of groundwater during periods of extreme drought and severe flooding. A 
simple three-dimensional geological model is developed to conceptualise the 
catchment morphology and the stratigraphic framework of the alluvium. The 
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relationship between surface waters and the alluvium is examined, particularly in 
relation to climate variability. This is significant because groundwater availability is 
time-variable and to a large degree dependent on antecedent climatic conditions. It is 
therefore important to identify and understand climate-driven variations in 
hydrochemistry and groundwater storage. This hydrochemical and geological 
assessment also provides a comprehensive background for Papers 2 and 3.  
1.2.2 Paper 2 (Chapter 5) - Identifying flood recharge and inter-aquifer 
connectivity using multiple isotopes in subtropical Australia. Hydrology & 
Earth System Sciences Discussion, (11), 3711-3756, DOI:10.5194/hessd-11-
3711-2014. 
The relationship between surface waters and the alluvium is further explored using 
multiple isotopes (δ2H, δ18O, 87Sr/86Sr, 3H and 14C) in conjunction with a 
comprehensive hydrochemical assessment. Silicate stability diagrams, theoretical 
evaporation curves and saturation indices are used to describe the hydrochemical 
evolution of groundwaters, provide a background to the multi-isotope assessment and 
build on processes within the conceptual hydrogeological model of the alluvial 
system. The paper also describes the impact of flooding on groundwater composition 
and storage, and bedrock seepage processes are identified.  
1.2.3 Paper 3 (Chapter 6) – Groundwater recharge in a subtropical alluvial 
aquifer system, southeast Queensland, Australia: insights from tritium 
and water-table fluctuations. Prepared for submission to Journal of 
Hydrology. 
Recharge to the alluvial aquifer is quantified using a range of methods, including the 
water budget approach, the chloride mass balance approach, the age (tritium) dating 
approach and the water-table fluctuation method. Results are compared and 
contrasted, and the suitability of each method is discussed, specifically in relation to: 
their application to recharge assessments of alluvial systems with connected streams; 
and how each method is affected by heavy rainfalls that occurred prior to and during 
the period of measurement. The use of the groundwater time lag response to changes 
in atmospheric pressure is assessed in relation to its utility as a tool to assess recharge 
potential, recharge processes and aquifer vulnerability. 
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Chapter 2: Regional setting 
The Cressbrook Creek catchment is situated approximately 80 km northwest of 
Brisbane, in southeast Queensland, Australia (Figure 2.1) and covers an area of 
around 200 km2. Cressbrook Creek, the main drainage of the study site, is sourced in 
the southwest of the catchment at an elevation of approximately 230 m Australian 
Height Datum (AHD) and flows to the Brisbane River in the northeast of the study 
site at approximately 70 m AHD. Several smaller creeks drain into Cressbrook 
Creek, including Kipper Creek and Oaky Creek (Figure 2.2). The Brisbane River 
flows into Lake Wivenhoe approximately 13 km to the southeast of the confluence 
with Cressbrook Creek. Lake Wivenhoe is an important water storage supply for 
Brisbane, Queensland’s capital city, and importantly, Lake Wivenhoe is also a flood 
mitigation dam for the greater Brisbane district. The catchment has been divided into 
four parts for ease of discussion: the Catchment Headwaters, the Upper Catchment, 
the Mid Catchment and the Lower Catchment (Figure 2.2). 
 
Figure 2.1: Cressbrook Creek catchment in southeast Queensland, located approximately 80 km 
northwest of Brisbane City and within the upper Brisbane River catchment. 
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Figure 2.2: Geology, topography and surface drainages of the Cressbrook Creek catchment (viewed 
from the east). 
 
2.1 LANDUSE AND GROUNDWATER UTILISATION 
Cressbrook Creek catchment is sparsely populated, with the exception of 
Toogoolawah, a small town in the centre of the catchment (Figure 2.2), which has a 
population of less than 1000 (Australian Bureau of Statistics 2013). The catchment is 
well forested and largely undeveloped in the higher elevations to the southwest, but 
the downstream alluvial flats to the northeast host rich farm land. In this part of the 
catchment, irrigators use up to 3000 ML of alluvial groundwater annually (Figure 
2.3), but groundwater abstraction is often limited by low groundwater levels. For 
example, abstraction rates ranged from 2,083 ML/year to 2,984 ML/year between 
2000 and 2006, but they decreased to 929 ML/year in the peak of the drought in 
2008.  
This limitation of water availability was exacerbated by the construction of a 
town water supply dam (Cressbrook Dam; Figure 2.2) near the top of the catchment 
in 1983, to supply Toowoomba City. Initially, water was released from the dam to 
recharge the alluvium, but water releases were phased out in the late 1990s due to 
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drought-induced water shortages, resulting in reduced flow in the creek and 
substantially lower water levels in the alluvium. As a result, farmers within the 
catchment lodged their objections to the restriction on water releases, and there was 
much interest in the potential for aquifer recharge following the floods.  
 
Figure 2.3: Average rates of groundwater abstraction from the alluvial aquifer system of Cressbrook 
Creek (DNRM, 2012). Groundwater abstraction is most prominent in the Mid to Lower Catchment. 
 
 
The flood plains of Cressbrook Creek were first settled and farmed in 1842, 
when sheep were introduced to the area near Toogoolawah (Figure 2.2). In the 
1850s, the sheep were gradually replaced by beef cattle, which continue to be one of 
the major rural industries in the upper parts of the catchment, together with dairy 
cows, pigs and cropping. In the 1930s, cropping increased due to the introduction of 
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more widespread irrigation practises. This is particularly the case in the alluvial 
plains, where cropping is facilitated by intensive irrigation (Harms and Pointon 
1999).  
2.2 CLIMATE 
Southeast Queensland is a subtropical region with hot, humid summers and dry, mild 
winters (BOM 2014). The average annual rainfall at Toogoolawah (Station number 
040205; BOM 2012) in the lower part of the catchment (Figure 2.2) is 847 mm and 
the median rainfall is 873 mm, although total annual rainfall is highly variable due to 
a climate characterised by droughts and floods. This climatic variability has been 
particularly evident in recent years, when below average rainfalls from 2000 to 2009 
resulted in very low creek flow (Figure 2.4) especially from mid-2006 until early 
2008 when flow ceased completely. Due to the drought, water levels at Cressbrook 
Dam in the headwaters (Figure 2.2) did not reach the overflow between 1999 and 
mid-2010, and there was no flow from the dam to the creek during this period. 
Despite the lack of outflow from the dam, intermittent flow was recorded in 
Cressbrook Creek during this period of time (Figure 2.4) indicating that the creek 
was receiving both overland flow and groundwater baseflow. The period of drought 
was followed by two very wet years, which resulted in significant flooding in 
January 2011, approximately five months prior to the sampling conducted during this 
study. However, even in wet years the infiltration of rainfall is limited by high 
evapotranspiration rates, with mean annual pan evaporation rates of 1809 mm 
measured at Gatton (Harms and Pointon 1999), located about 50 km to the south of 
Toogoolawah (Figure 2.1).  
2.3 GEOLOGY AND GEOMORPHOLOGY 
The alluvial aquifer system of Cressbrook Creek overlies bedrock of variable 
lithologies, with basalts, metamorphic rocks and granodiorite prominent in the upper 
part of the catchment (Figure 2.5) to the west of the Western Border Fault (Figure 
2.5). The topography is steep in this part of the catchment and the alluvium is narrow 
and shallow, particularly in the more elevated areas of the southwest. To the east of 
this fault, the bedrock is primarily composed of the Mesozoic Esk Formation. The 
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topography is relatively flat in this part of the catchment, and the alluvium becomes 
broader and deeper.  
 
Figure 2.4: Annual rainfall (BOM, 2013) for the Cressbrook Creek catchment and the annual stream 
discharge at CC3  (Stream gauge 143921; DNRM, 2012). Also shown is the time of sampling.  
 
2.3.1 Palaeozoic Pinecliff Formation and Sugarloaf Metamorphics 
Palaeozoic rocks are prominent in the upper reaches of the catchment (Figure 2.5). 
The Sugarloaf Metamorphics outcrop in the Catchment Headwaters near Cressbrook 
Dam and consist of slate, spotted hornfelsed slate, phyllite, quartzite, schist and 
amphibolites (Cranfield et al. 2001b). In contrast, the Palaeozoic rocks of the Mid to 
Upper Catchment are predominately of the Pinecliff Formation, and are mainly 
composed of basalts and shale, and only minor sandstone and siltstone, with rare 
marine fossils (DNRM Groundwater Database, 2011). Primary porosities of these 
bedrock units are generally low, but permeabilities are enhanced in some regions by 
fracturing (Geological Survey of Queensland and Irrigation and Water Supply 
Commission 1973). 
Groundwaters in the basalts are likely to have elevated Mg compared to other 
ions, whereas the sedimentary rocks of the Pinecliff Formation are likely to contain 
Na-Mg-Cl type waters (McNeil et al. 2005). 
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Figure 2.5: Detailed geology of the study area, which shows the contrasting bedrock on either side of 
the Western Border Fault. On the western side of the fault, the bedrock is mostly composed of igneous 
and metamorphic rocks, whereas the sedimentary rocks of the Esk Formation (minor basalt) dominate 
the area to the east of the fault.   
 
2.3.2 Permo-Triassic Hampton Rhyolite 
Outcropping felsic volcanic rocks (Figure 2.5) are mostly composed of the Permian 
Hampton Rhyolite, except for a small outcrop of Triassic rhyolitic tuff in the Mid 
 Chapter 2: Regional setting 11 
Catchment. The Hampton Rhyolite outcrops in the upper parts of the catchment, and 
is comprised of a series of thick rhyolitic flows, with pyroclastics and minor 
interbedded arenite, conglomerate and chert (Geoscience Australia 2010).  
2.3.3 Triassic Esk Formation and Neara Volcanics 
Triassic sedimentary rocks of the Esk Formation outcrop in the valley floor of the 
Mid to Lower Catchment, and consist of fluvially derived (Campbell 2005) pebble to 
cobble conglomerates, sandstones, siltstones and shale (Cranfield et al. 2001b). 
Lithological bore logs indicate that the Esk Formation is mostly composed of 
sandstones, conglomerates and shales, with minor basalt units (DNRM 2011). The 
Neara Volcanics consist of volcaniclastic conglomerate, andesite and sandstone. In 
the study area, flow banded volcanics are prominent (Cranfield et al. 2001a). The 
Esk Formation and the Neara Volcanics are considered to be fractured rock aquifers, 
with limited primary porosity; however, permeabilities are increased in some areas 
due to fracturing (EHA 2006).  
 Fluvially derived Mesozoic aged sedimentary rocks, such as those from the 
Esk Formation typically contain Ca-HCO3 type waters with low concentrations of Na 
and Cl (McNeil et al. 2005); although the actual water type will largely be dependent 
on local factors, such as the permeability of the soils, evapotranspiration and the 
residence time of the water (Hem 1985). The chemistry of groundwater in volcanic 
rocks, such as the Neara Volcanics, generally evolve towards Na-Mg-Cl type waters, 
but less evolved waters can be Na-Mg-Ca-HCO3 type (McNeil et al. 2005). 
2.3.4 Triassic-Early Jurassic Woogaroo Subgroup 
The Triassic-Early Jurassic Woogaroo Subgroup is predominately coarse-grained, 
strongly cross-bedded, sublabile to quartzose sandstone, with some siltstone and 
shale and occasional conglomerate (Cranfield et al. 2001a). Groundwater yields, 
which serve as a proxy for hydraulic conductivity, vary from insignificant to 6.3 L/s, 
depending on fracture density (EHA 2006) and the proportion of clay (Zahawi 1975). 
Groundwater quality can be variable (EHA 2006), but in the study area groundwater 
salinity is usually  <1000 mg/L (Zahawi 1975). 
 Mesozoic aged sedimentary rocks; such as those from the Woogaroo 
Subgroup typically contain Ca-HCO3 type waters with low concentrations of Na and 
Cl (McNeil et al. 2005). 
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2.3.5 Triassic Eskdale Igneous Complex 
Most of the outcropping granitic rock in the study area is part of the Triassic Eskdale 
Igneous Complex, except for a small outcrop of Permo-Triassic granitic rock in the 
Catchment Headwaters. The Eskdale Igneous Complex is comprised mainly of 
granodiorite, some granite and tonalite and lesser amounts of diorite and gabbro 
(Geoscience Australia 2010). Primary porosities are generally low, but permeability 
may be enhanced by weathering in some areas, particularly near topographic 
depressions (EHA 2006). 
Granitic waters are generally of low salinity, with equal parts Cl and HCO3 
and high Na relative to other cations (McNeil et al. 2005).  
2.3.6 Alluvial aquifer system 
Three alluvial terrace levels are generally recognised in the Upper Brisbane River 
Valley and are also observed in the lower Cressbrook catchment; they are generally 
known as the upper terrace, the middle terrace and the low terrace. The upper terrace 
was further sub-divided by Harms and Pointon (1999) into an upper terrace and a 
high-level terrace. The upper and high-level terrace will be referred to as the upper 
terrace in this report.  
The upper terrace is generally located 20 m to 40 m above the present day 
river level. They were most likely deposited when sea levels were higher than 
present in either the Pliocene or the Pleistocene (late Tertiary or early Quaternary; 
Figure 2.5). Alluvium from the upper level terrace is locally mottled, poorly 
consolidated sand, silt and clay, with minor gravel (Willmott and Stevens 2005).  
The middle and lower terrace levels were deposited in the Holocene. The 
middle terrace level comprises sand, silt, clay and gravel. The lower terrace 
comprises gravel, sand, silt and clay. The alluvium is generally coarse-grained in the 
upper parts of the catchment, where high-energy surface water flows are facilitated 
by the steep terrain. In contrast, the gentle sloping ground of the lower catchment 
appears to favour the deposition of fine-grained sands and silts, which are generally 
capped by silts and clays (Willmott and Stevens 2005). 
2.4 HYDROGRAPH ANALYSIS AND GROUNDWATER GRADIENTS 
Groundwater gradients and the losing-gaining condition of Cressbrook Creek have 
been assessed using water levels from 22 groundwater wells and eight surface water 
 Chapter 2: Regional setting 13 
monitoring sites (Figure 2.6). Measurements used in this analysis include manual 
measurements taken during this study and those from the groundwater database 
(DNRM 2012), together with water level logger (pressure transducer) data collected 
between September 2010 and August 2012.  
In the Lower Catchment near CC6 (Insert 1, Figure 2.6), interpretation of the 
gaining-losing condition of Cressbrook Creek is complicated by the Lower 
Cressbrook Weir, which is located at CC6. Surface water levels are recorded on the 
up-gradient side of the weir; however, water levels are often around 2 m lower in the 
area immediately down-gradient of the weir. This condition may result in 
simultaneous losing and gaining reaches in the areas that are up-gradient and down-
gradient of the weir, respectively. This is supported by hydrographs from this region 
(Figure 2.7a), which show that groundwater levels at B44, located up-gradient of the 
weir, were generally lower than those at CC6, and higher than those of B48, located 
close to the creek, just down-gradient of the weir. Additionally, Fe-oxides were 
observed in the stream just down-gradient of the weir in June 2011, which indicates 
that groundwater may have been discharging into the stream. However, during 
periods of high flow, the groundwater gradient between B44 and B48 was reversed 
(Figure 2.7a). Furthermore, the level logger dataset shows that the water level at CC3 
was well above groundwater levels at B51 during periods of high flow, including the 
flood event of 2011 (Figure 2.7b), indicating that the creek was losing during these 
peak flow events.  
In the Lower Catchment near CC5 (Insert 2, Figure 2.6), the groundwater 
gradient shows that that Cressbrook Creek was predominately losing, except for 
during short periods following high flow events, such as the flood of January 2011 
(Figure 2.8). The latter was probably a result of ‘bank storage’ processes (Section 
3.1). Likewise, at CC96 (Insert 3, Figure 2.6), Cressbrook Creek was predominately 
gaining, except for a brief period after the January 2011 flood event (Figure 2.9).  
In the Mid Catchment (Insert 4, Figure 2.6), surface water levels are 
measured on the up-gradient side of the Cressbrook Weir (CC4). Up-gradient of the 
weir at B85 groundwater levels were generally below those of Cressbrook Creek, 
except for a brief period following the January 2011 flood event (Figure 2.10). 
Elsewhere in the Mid Catchment, including near B89 (Insert 4, Figure 2.6), which is 
located down-gradient of the weir, B21 (Insert 5, Figure 2.6) and B792 (Insert 6, 
Figure 2.6), the stream was generally losing, except after high flow events, when 
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bank storage processes cause a reversal in the groundwater gradients (Figure 2.10, 
Figure 2.11 and Figure 2.12 respectively).  
In the Upper Catchment near B834 (Insert 7, Figure 2.6), the creek is 
normally losing, except after heavy rainfall (Figure 2.13). However, it should be 
noted that this assessment is based on a limited dataset. In the area surrounding CC1 
(Insert 8, Figure 2.6), Cressbrook Creek appears to be a gaining stream (Figure 2.14). 
Although, surface water levels increased by approximately 5-6 m during the flood 
event of January 2011 and the creek may well have been a losing during this extreme 
flood event. 
 
Figure 2.6: Water level monitoring locations used for the assessment of groundwater gradients and 
stream-aquifer relationships. Inserts 1 to 8 are shown in more detail in Figures 2.7 to 2.14 
respectively, together with the respective hydrographs. 
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Figure 2.7: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 1 
of Figure 2.6. Hydrographs are based on manual measurements (DNRM 2012) and data from level 
loggers, which were collected as part of this study. Surface water levels (CC6) are measured 
immediately up-gradient of the Lower Cressbrook Creek weir. The creek appeared to be losing in the 
region located up-gradient of the weir, whereas the losing-gaining condition was variable in the region 
that is down-gradient of the weir, due to the sudden change in water level. 
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Figure 2.8: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 2 
of Figure 2.6. Hydrographs are based on manual measurements (DNRM 2012) and data from level 
loggers, which were collected as part of this study. Cressbrook Creek was predominately a losing 
stream in this region, except after high flow events, when bank storage processes caused temporary 
reversals in the groundwater gradient. 
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Figure 2.9: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 3 
of Figure 2.6. Hydrographs are based on manual measurements (DNRM 2012) and data from level 
loggers, which were collected as part of this study. Cressbrook Creek was predominately a losing 
stream in this region, except after high flow events, when bank storage processes caused temporary 
reversals in the groundwater gradient. 
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Figure 2.10: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 
4 of Figure 2.6. Hydrographs are based on manual measurements (DNRM 2012) and data from level 
loggers, which were collected as part of this study. Cressbrook Creek was predominately a losing 
stream in this region, except after high flow events, when bank storage processes caused temporary 
reversals in the groundwater gradient. 
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Figure 2.11: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 
5 of Figure 2.6. Hydrographs are based on manual measurements (DNRM 2012) and data from level 
loggers, which were collected as part of this study. Cressbrook Creek was predominately a losing 
stream in this region, except after high flow events, when bank storage processes caused temporary 
reversals in the groundwater gradient. 
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Figure 2.12: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 
6 of Figure 2.6. Hydrographs are based on manual measurements collected by DNRM (2012). 
Cressbrook Creek was predominately a losing stream in this region, except after the flood of January 
2011, when bank storage processes caused a temporary reversal in the groundwater gradient. 
 
 
 
 
Figure 2.13: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 
7 of Figure 2.6. Hydrographs are based on manual measurements collected as part of this study. 
Cressbrook Creek was normally a losing stream in this part of the catchment, but the groundwater 
gradient was reversed as a result of heavy rain at the end of 2010 and the start of 2011. 
 
 Chapter 2: Regional setting 21 
 
Figure 2.14: Hydrographs showing surface- and groundwater levels in the area encompassed by Insert 
8 of Figure 2.6. Hydrographs are based on manual measurements collected by DNRM (2012). 
Cressbrook Creek was normally a losing stream in this part of the catchment. 
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3.1 INTERACTIONS BETWEEN GROUNDWATER AND STREAMS 
Groundwater discharge can be the major source of water sustaining flow in a stream, 
and without it many streams would stop flowing after a rainfall event. This important 
component of streamflow is referred to as baseflow (Winter et al. 1998). A stream 
can be categorised according to how it interacts with an adjacent aquifer; if 
groundwater seeps into the stream, it is a gaining stream. Alternatively, if the stream 
discharges into the aquifer, it is a losing stream, and if the stream has both losing and 
gaining reaches, it may be characterised as a variably gaining/losing stream. A losing 
stream may be further classified as connected, when discharge from the stream enters 
a continuous saturated zone beneath the stream; or disconnected when the surface 
water must migrate through an unsaturated zone to reach groundwater (Winter et al. 
1998).  
Additionally, surface water – groundwater interactions are not static, as the 
gaining/losing condition of a stream is subject to temporal variability, due to climatic 
events such as droughts and floods. For example, a storm event may cause the stream 
stage to increase rapidly, temporarily turning a gaining stream into a losing stream. 
Normally, most of this water remains as ‘bank storage’ for a period of days or weeks, 
and it is returned to the stream after the stream stage returns to normal levels. The 
bank storage process reduces the intensity of flood peaks and increases future stream 
levels (Winter et al. 1998; Sophocleous 2002). During these periods of increased 
flow, groundwater recharge may be enhanced, due to: 1) the increased permeability 
of the creek bed during the flood, due to scouring of the clogging layer by high 
velocity flows (e.g. Cendón et al. 2010; Simpson and Meixner 2012); 2) the enlarged 
pathway between surface- and groundwater, due to the increased width of the creek 
and the saturated zone beneath it (e.g. Lange 2005); and (3) the increased head 
gradient between the creek and the stream (e.g. Rushton and Tomlinson 1979). 
If a stream should break its banks and inundate the land surface, flood water 
may infiltrate into groundwater, causing widespread recharge to the aquifer. For a 
connected stream, this flood recharge may take weeks, months or even years to travel 
back into waterways, due to the long travel distances required (Winter et al. 1998). 
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However, for a disconnected stream, the resulting recharge may be more permanent, 
as the groundwater level is commonly below the level of the streambed, and 
groundwater will therefore be unable to re-enter the stream (Vázquez-Suňé et al. 
2007). 
3.2 HYDROCHEMICAL PROCESSES 
The chemical composition of natural waters is a result of a series of antecedent 
physical, chemical and biological processes, which include the dissolution of 
minerals and gases, the alteration of previously dissolved components, and the 
removal of components due to precipitation and other processes. These antecedent 
processes are also strongly influenced by the solubility of different mineral species 
and  thermochemistry (Hem 1985). In the following sections, the basic principles of 
these hydrochemical processes are discussed, particularly for those processes that are 
applied in this thesis.   
3.2.1 Mineral solubility and thermochemistry 
The field of thermochemistry describes the relationship between chemical reactions 
and energy changes. Energy can exist in two forms: kinetic energy, which is the 
energy of movement; and potential energy, or stored energy, which is a result of the 
position of one object relative to other objects that may attract or repelled it (e.g. 
gravity). The chemical energy of a substance is related to the potential energy stored 
in its atomic structure. In contrast, thermal energy is associated with the kinetic 
energy of the molecules in a substance, which move more quickly (i.e. more energy) 
at higher temperatures (Brown et al. 2000). When a system is at a state of minimum 
energy, it is said to be at equilibrium. Complete equilibrium is rarely attained in 
natural systems, particularly where the system is affected by biological processes. 
However, assessment of equilibrium dynamics is still useful, in that it: (1) provides 
an approximation of hydrochemical processes affecting the system; (2) it can provide 
an indication as to the direction of chemical changes, because in the absence of 
energy inputs, such as those provided by biological processes, the system can only 
move towards equilibrium; and (3) it is possible to qualitatively estimate rates of 
natural processes, because hydrochemical reactions generally occur more rapidly 
when the system is further from equilibrium (Drever 1997). 
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A system can move towards equilibrium by releasing energy. The energy of a 
system can be described using a measure known as the Gibbs free energy (G), which 
is related to both the entropy (S; measure of disorder) and enthalpy (H; heat content) 
of a system, as described below: 
(3.1)         G = H – TS   
where T is temperature in kelvins (K) and G and H are commonly reported as kJ/mol, 
and S is reported as kJ/mol.K (Drever 1997). For systems at constant pressure and 
temperature, the change in the Gibbs free energy is described by Equation 3.2, which 
shows that a system releases heat and/or its entropy increases as the system moves 
towards equilibrium (Drever 1997). The ∆G provides an indication of the spontaneity 
of a given reaction: a negative ∆G indicates that the reaction will be spontaneous; if 
∆G = 0, the reaction is at equilibrium; and if ∆G is positive, the reaction will occur 
spontaneously in the reverse direction (Brown et al. 2000). 
(3.2)          ∆G = ∆H - T∆S   
The Gibbs free energy of the reaction in Equation 3.3 can be calculated using 
Equation 3.4, which shows that the reaction will occur spontaneously when Gproducts 
is less than Greactants (Drever 1997). Furthermore, Equation 3.4 can be rearranged to 
provide the equilibrium constant (Keq), as shown in Equation 3.5, and the equilibrium 
constant can be calculated if the Gibbs free energy of the reaction is known.  
(3.3)         aA + bB = cC + dD   
(3.4)              ∆GR = Gproducts - Greactants   
(3.5)            log Keq = -∆GR0 / 2.303 RT   
where ∆GR0 is the Gibbs free energy of the reaction and R is the gas constant (8.3143 
J/mol/K) (Drever 1997). The equilibrium constant can also be described using the 
law of mass action, which describes Equation 3.3 using the following reaction: 
(3.6)         Keq = [C]c[D]d / [A]a[B]b  
where the bracketed values are reported as activities or ‘effective concentrations’ at 
equilibrium, where the activity of a pure solid is equal to 1 (Appelo and Postma 
2005). The saturation state (Ω) of a given mineral can then be determined by 
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comparing the solubility product with the ion activity ratio (IAP), which is described 
in Equation 3.7. The saturation state is the ratio of the IAP and Keq (Equation 3.8): 
when Ω = 1, the mineral is in equilibrium with the solution; if Ω > 1, the solution is 
supersaturated with respect the mineral phase; and when Ω < 1, the solution is 
subsaturated with respect to the mineral. Another frequently used measure of 
saturation is the saturation index (SI), as described in Equation 3.9. When SI = 0, the 
mineral is in equilibrium with the solution; if SI < 0, the solution is supersaturated 
with respect the mineral phase; and when SI > 0, the solution is subsaturated with 
respect to the mineral (Appelo and Postma 2005). 
(3.7)       IAPmineral = [C]c[D]d / [A]a[B]b  
(3.8)          Ω = IAP/Keq   
(3.9)       SI – log (IAP/Keq)    (Appelo and Postma 2005). 
3.2.2 Carbonate system 
Carbonate dissolution has a profound impact on the chemistry of natural waters, due 
to the dissolution of primary carbonates (e.g. limestone) and secondary carbonate 
minerals that commonly line fractures and form cements in the pore spaces. These 
carbonate minerals are readily dissolved into solution, as described by the following 
reaction (Appelo and Postma 2005): 
(3.10)   CO2(g) + H2O + CaCO3 → Ca2+ + 2HCO3-    
The impact of carbonate dissolution can be seen in Figure 3.1, which shows 
the typical range of chemical compositions of global surface waters compared to 
total dissolved salts (TDS). Rainwater is proportionally high in Na and Cl from 
ocean derived cyclic salts; however, the concentrations of HCO3 and Ca increase 
progressively with increasing salinity due to the dissolution of carbonate minerals 
and Ca silicates. The Ca and HCO3 concentrations generally increase until they are 
saturated with respect to carbonate minerals, and any further increases in salinity are 
then a result of evaporation, as reflected by the increased Na and Cl (Appelo and 
Postma 2005).  
As can be seen from Equation 3.10, the dissolution of carbonate minerals is 
largely controlled by the CO2 concentration, and the soil zone has elevated CO2, due 
to respiration by plants and oxidation of organic matter. Therefore, CO2 
 Chapter 4: Background 27 
concentrations can be substantial increased as rainwater infiltrates through the 
unsaturated zone, increasing the potential for carbonate dissolution. Other potential 
sources of CO2 include biologically mediated sulphate reduction, metamorphism of 
carbonate rocks, outgassing from the mantle, and decarboxylation reactions in oil and 
gas fields (Hem 1985).  
 
 
Figure 3.1: The dashed line envelopes chemical compositions that are characteristic for the world’s 
surface waters (Gibbs 1970). Fresh rainwater typically evolves towards Ca-HCO3 type waters as a 
result of aquifer interactions, including the dissolution of carbonates and silicate minerals, whereas the 
more evolved waters are normally affected by evaporation. 
 
3.2.3 Silicate weathering 
Silicate weathering occurs at relatively slow rates compared to the carbonate 
dissolution processes, and the resulting changes in water chemistry are more gradual 
and subtle than those that occur in carbonate aquifers. However, silicate dissolution 
is a major component of weathering processes and contributes about 45% of the total 
dissolved load of the world’s rivers (Stumm and Wollast 1990).  
Rates of silicate dissolution are variable, depending on the concentration of 
the solution; dissolution is generally quicker for dilute waters, but the rate decreases 
with increasing salinity (Figure 3.2). This process can be approximated by the 
parabolic rate law, as follows: 
(3.11)           Q = kt1/2    
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where Q is the dissolved silicate in solution, k is a constant and t is time (Drever 
1997). The rate of dissolution becomes linear after longer time scales, and it can then 
be described by the linear rate law (Equation 3.12), as follows: 
(3.12)           Q = kt + Q0 
where the Q0 denotes that the straight line does not originate at the origin of the 
graph. 
 
Figure 3.2: Silicate dissolution rates follow the parabolic rate law at short times, but it follows the 
linear rate law at longer times (Drever 1997). 
 
The composition of the parent rock is important when considering silicate 
weathering. The rate of dissolution for silicate minerals follows Goldich’s 
weathering series (Figure 3.3), which is the reverse of Bowen’s reaction series. 
Bowen described the sequence of mineral formation in response to the decreasing 
temperature of a basaltic magma. The minerals that form at the highest temperature 
are the least stable under weathering conditions, and these minerals will be the first 
to weather (Appelo and Postma 2005). Rates of silicate dissolution are largely 
dependent on the pH of the solution; waters with a neutral pH will react slowly, but 
as the alkalinity or the acidity increases, so too does the dissolution rate (Figure 3.4). 
Therefore, the production of naturally occurring acids, such as carbonic acid and 
organic acids can result in increased weathering of soils and aquifer materials. This 
weathering process will generally increase the pH of the water, and concentrations of 
cations, bicarbonate and silica will also be increased.  
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Figure 3.3: Goldich’s weathering series describes the rate of mineral dissolution as a result of 
weathering (Goldich 1938). 
 
 
 
Figure 3.4: Schematic showing the rate of silicate dissolution in relation to pH, for waters that are far 
from equilibrium.  
 
 
Within a catchment such as Cressbrook Creek which is in a subtropical climatic 
regime, and has developed within a geological-geomorphological setting of variable 
rock types, many of the processes described above operate. In addition to these, 
human modifications to various hydrological processes also influence hydrochemical 
conditions. 
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3.3 MULTIVARIATE STATISTICAL ANALYSIS OF HYDROCHEMICAL 
DATA 
Multivariate statistical analysis (MSA) methods can be used to assess a number 
variables simultaneously, in order to reveal differences, similarities or relationships 
between individual components (McNeil 2002; Townend 2002). This approach is 
useful for the evaluation of hydrochemical data, because interactions between 
chemical constituents are often complex, and as a result they can be difficult to 
isolate and study separately (Davis 2002).  
Parameter selection is an important part of the MSA process, as the addition 
or subtraction of one element can drastically alter the results (Templ et al. 2008). 
Another consideration is the selection of parameters that are highly correlated, for 
example, total dissolved solids (TDS) and electrical conductivity (EC). By including 
both TDS and EC, the weighting for salinity is effectively doubled, which may result 
in cluster allocation that is dominated by salinity at the expense of the other 
parameters (Fovell 1997).  
For hydrogeological assessments, two of the most commonly used MSA 
techniques are hierarchical cluster analysis (HCA) and principal component analysis 
(PCA). Unlike most statistical methods, these analyses do not require normally 
distributed data, because no hypothesis is tested (Townend 2002), which is 
particularly useful for hydrochemical data. However, because no hypothesis is tested, 
no P-value is produced, and the results can therefore be open to interpretation.  
3.3.1 Hierarchical cluster analysis 
HCA aims to sort observations (samples) into distinct populations (clusters), where 
the within-group variance is as small as possible, and the differences between the 
clusters can be large (Templ et al. 2008). Datasets can be evaluated using HCA to 
assess the similarity between the samples, or to assess the correlation between 
variables, depending on the nature of the investigation (Townend 2002). An 
advantage of HCA, compared to other MSA techniques, is that it is not strictly 
necessary for the data to be normalised, which is important, as normally distributed 
hydrochemical datasets are rare (Templ et al. 2008). However, it is advantageous for 
the data to approximate normality; therefore, it is common to log transform the data 
prior to MSA (e.g. Güler et al. 2002; Thyne et al. 2004; Guggenmos et al. 2011; 
Daughney et al. 2012; Raiber et al. 2012). 
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There are two main HCA procedures: agglomerative methods and divisive 
methods (Figure 3.5). In divisive HCA, all observations are grouped together in one 
cluster, which is successively divided until each observation is its own cluster. For 
agglomerative HCA, the process is essentially reversed. As agglomerative HCA is 
the most commonly applied method, it will be discussed in further detail. In 
agglomerative HCA, each observation starts as an individual cluster. The first step is 
then to group the two most similar clusters into one cluster (n1 = n-1), resulting in 
one less cluster. This process continues until all observations have been grouped into 
one cluster. An important feature of HCA is that the results of the earlier clustering 
are nested within the final figure, or dendrogram, (Figure 3.5;  Hair et al. 2006).  
 
 
Figure 3.5: Dendrogram showing the hierarchical cluster analysis methodology (adapted from Hair et 
al. 2006). In the agglomerative method, all observations are initially in separate groups and the most 
similar observations are linked to form a new group. This process continues until only one group 
remains. In the divisive method, the process is reversed so that all samples are initially placed into a 
single group and they are successively subdivided until each observation forms its own group.  
 
Clustering algorithms 
In the discussion above (Section 3.3.1) it was established that clusters are linked 
sequentially, according to the similarity of each cluster. The clustering algorithm, 
describes the procedure used to determine which clusters are the most similar to each 
other (Townend 2002). The five most commonly used methods are: 1) single-linkage 
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method; 2) complete linkage method; 3) average linkage method; 4) centroid 
method; and 5) Ward’s method. The single-linkage method, which is also known as 
nearest neighbour, assesses the similarity between the groups by determining the 
shortest distance between samples from each group (Figure 3.6a). This method is 
often used in hydrochemical studies to identify outliers (e.g. Guggenmos et al. 2011; 
Daughney et al. 2012; Raiber et al. 2012), which could otherwise bias the dataset. 
This method is versatile because it can be used to identify a wide range of clustering 
configurations, but problems may arise due to ‘chaining’, which can result in the 
linkage of dissimilar clusters (Figure 3.6b), particularly if the data are not well 
defined (Hair et al. 2006).  
The complete linkage method assesses the similarity between groups by 
determining the longest distance between adjacent clusters (Figure 3.6c). The 
technique is not affected by the chaining problem that was described in relation to 
the single-linkage method, and it is known to generate more compact clusters. The 
average linkage method, as the name suggests, determines the similarity between 
groups by comparing the average similarities of the individuals in one cluster with all 
of the individuals in another. This method reduces the impact of outliers and extreme 
values, which can negatively affect the clustering procedure when using the single-
linkage and complete linkage methods. Clusters that are generated using this method 
normally have similar within-group variance (Hair et al. 2006). The centroid linkage 
method (Figure 3.6d) measures the distance between the centroid of each cluster. 
This method is similar to the average linkage method, in that it less affected by 
outliers. However, groupings can be muddled and confusing. Ward’s method is 
different to the other methods discussed here. Rather than linking clusters based on a 
single measurement of similarity, Ward’s method links the two clusters that result in 
the smallest within-cluster sum of squares for all clusters. This method tends to 
generate clusters that are of roughly equal size, because the smaller clusters usually 
have a smaller sum of squares. Ward’s linkage method is easily distorted by outliers 
(Hair et al. 2006), but it is still commonly applied to hydrochemical studies (Güler et 
al. 2002; Daughney and Reeves 2005; Guggenmos et al. 2011; Raiber et al. 2012) 
because it reduces the within group variance (Fernau and Samson 1990; Gong et al. 
2008; Mooi and Sarstedt 2011). 
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Figure 3.6: Clustering algorithms commonly used to define the similarity or difference between two 
clusters. a) The single-linkage method groups samples by determining the shortest distance between 
two clusters. (b) The single linkage method may link dissimilar observations into the same group as a 
result of chaining. (c) The complete-linkage method groups samples by determining the maximum 
distance between each cluster. d) For the centroid-linkage method, the centroid of each group is 
determined, then the groups with the closest centroids are linked (adapted from Townend 2002). 
 
3.3.2 Principal component analysis 
PCA is a mathematical manipulation technique that reduces a complex dataset into a 
small number of principal components, thereby generating a representation of the 
underlying structure of the dataset (Davis 2002; Thyne et al. 2004; Cloutier et al. 
2008; Raiber et al. 2012). PCA is very similar to factor analysis, but in factor 
analysis, the data is described mathematically, whereas PCA disassembles the data 
into linear variants, or components. Not only does PCA describe linear components, 
but it also quantifies the contribution of each variable to the component. This 
contribution is described as the component weight, or the loading (Field 2009). The 
first step in PCA is to extract components that describe the largest possible variation 
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in the dataset. For hydrochemical studies, this first principal component often 
describes the most notable variations in chemistry, such as those relating to salinity 
(i.e. Na and Cl concentrations). The second and third principal components 
commonly describe less obvious characteristics, such as the redox environment. The 
first two or three principal components are often displayed using scatter diagrams 
(e.g. Güler et al. 2002; Koh et al. 2009; Raiber et al. 2012) to show the underlying 
structure of the dataset.  
Hydrochemical datasets are only suitable for PCA if sufficient intercorrelation 
exists between members of the dataset. Common methods used to assess the degree 
of correlation include the assessment of the anti-image correlation matrix, Bartlett’s 
test of sphericity and the Kaiser-Meyer-Olkin (KMO) measure of sampling 
adequacy. An anti-image correlation matrix basically assesses the level of partial 
correlation between variables. Bartlett’s test of sphericity is a statistical test of the 
correlation matrix to determine if the variables are significantly correlated (Hair et al. 
2006). The KMO statistically analyses partial correlations between variables and 
compares them to the simple correlations for the same variables (Spicer 2005). The 
index produced by this method range from 0 to 1. Values of <0.5 are considered 
unacceptable; values between 0.5 to 0.6 are considered poor; values between 0.6 to 
0.7 are mediocre; values between 0.7 to 0.8 are considered middling; and values >0.8 
are considered as meritorious (Hair et al. 2006). 
3.4 ENVIRONMENTAL ISOTOPES 
Environmental isotopes are valuable hydrogeological tools, and the application of 
them as tracers is an important research area (Osenbrück et al. 2010). Isotopes are 
atoms with the same number of protons, but a different mass, due to variable 
numbers of neutrons. For example, hydrogen has three isotopes: the most common is 
1H, which has a proton and no neutron; 2H (deuterium) is the next most common and 
it has a single neutron; and 3H (tritium) is the least common and it has two neutrons. 
Both 1H and 2H are stable isotopes, whereas 3H is radioactive and it will decay to 3He 
(Domenico and Schwartz 1997). Examples of isotopes that are commonly used in 
hydrological and environmental studies are presented in Table 3.1. Isotopic 
abundances are commonly measured against a standard, as per Equation 3.13. 
(3.13)        δ =		
	

	X	1000 
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where δ is the deviation from the standard (‰) and R is the isotopic ratio (for 
example, 18O/16O) (Clark and Fritz 1997). 
 
Table 3.1: Commonly used environmental isotopes and their average abundance (Domenico and 
Schwartz 1997). 
Element Isotopes Half-life 
(if applicable) 
Average 
abundance of 
stable isotopes (%) 
Hydrogen 
1
H 
2
H (deuterium, or D) 
3
H (tritium, or T) 
Stable 
Stable 
12.3 years 
99.984 
0.015 
10
-14
  to 10
-16
 
Oxygen 
16
O 
17
O 
18
O 
Stable 
Stable 
Stable 
99.76 
0.037 
0.10 
Carbon 
12
C 
13
C 
14
C 
Stable 
Stable 
5,730 years 
98.89 
1.11 
~10
-10
 
Sulphur 
32
S 
33
S 
34
S 
36
S 
Stable 
Stable 
Stable 
Stable 
95.02 
0.75 
4.21 
0.02 
 
3.4.1 Stable isotopes (δ2H and δ18O) 
Some stable isotopes tend to fractionate during the hydrological cycle, producing 
water with distinctive isotopic characteristics that reflect its history and origin. The 
most commonly used stable isotopes are δ2H and δ18O, because they are the main 
constitutes forming water. These stable isotopes are most frequently measured and 
reported with respect to the Vienna Standard Mean Ocean Water (VSMOW; Clark 
and Fritz 1997).  
Water vapour that has evaporated from the world’s oceans is depleted to 
varying degrees compared to VSMOW, depending on the humidity of the 
atmosphere at the time of evaporation. When the humidity is high, water vapour is 
generated in equilibrium to the vapour source (usually the ocean), but when humidity 
is low, this equilibrium is not reached, and the isotopic composition is controlled by 
kinetic forces, and the more dispersive, light isotopes are preferentially partitioned 
into the vapour (Clark and Fritz 1997). Typically, δ2H is plotted against δ18O in order 
to identify trends and distribution, and when δ2H and δ18O for continental rainfall 
from all over the world are plotted, they fall on the global meteoric water line, as 
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described by Equation 3.14. Rainwater generally plots close to the global meteoric 
water line (GMWL), although there is some local variation, in which case a local 
meteoric water line (MWL) is plotted. The local meteoric water line commonly plots 
close to and roughly parallel with the GMWL (Fetter 2001).  
(3.14)          δH = 8δO +   
where d is the deuterium excess (Coplen et al. 2000). The deuterium excess was 
originally given a value of 10 (Craig 1961), but has since been adjusted to 10.8 
(Rozanski et al. 1993). The value of the deuterium excess varies, mostly due to 
variations in humidity, increases in which generally result in lower deuterium excess 
values. Evaporative processes also impact on the deuterium excess value. As rain 
falls through relatively dry air, some rain will evaporate, and the resultant rainfall 
will have a higher deuterium excess. This process is known as the amount effect 
(Clark and Fritz 1997). Similarly, the evaporation of inland water bodies results in 
rainfall with elevated deuterium excess values, whereas the deuterium excess of the 
residual surface or groundwater will be decreased. Conversely, transpiration has no 
impact on stable isotope signatures (Clark and Fritz 1997). 
The isotopic signature of rainfall is influenced by a number of other temporal 
and spatial phenomena, including: 
• Rainout – The first rain will be isotopically enriched (contain more of the 
heavier isotopes) in respect to the remaining vapour, which is therefore more 
depleted. Subsequent rains will become progressively lighter due to the 
progressively lighter source vapour. 
• Continental effect - The isotopic composition of rain generally decreases with 
distance from the coast due to the effects of rainout. 
• Temperature – A decrease in the δ18O by 1‰ will on average correspond to a 
decrease in temperature of between 1.1 to 1.7oC, and there is a corresponding 
decrease to δ2H, producing the GMWL. 
• Altitude effect – As a body of air moves over a mountain or hill, it will cool, 
causing the air mass to saturate, generating rain. On average, δ18O is depleted 
by 0.15‰ to 0.5‰ and δ2H is depleted by 1 to 4‰ with every 100 m rise in 
elevation. 
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• Latitude effect - Precipitation at higher latitudes tends to have more negative 
δ2H and δ18O values than those reported in equatorial regions (Clark and Fritz 
1997). 
The Brisbane MWL has a slope of 7.9 (Hughes and Crawford 2012), which is 
close to the global average of 8.2 (Rozanski et al. 1993). However, the deuterium 
excess (d) of 12.8 ‰ (Hughes and Crawford 2012) is higher than the global average 
of about 10.8 ‰ due to the influence of convective rainfall (Liu et al. 2010). 
The MWL is important for the interpretation of the isotopic signatures of 
surface and groundwaters. If there have been no deviations from the MWL, it is 
likely that the isotopic signature has not been affected by other isotopic processes. 
Alternatively, deviations from the MWL can be used to identify hydrological or 
hydrochemical processes, as illustrated in Figure 3.7.  
 
 
Figure 3.7: Deviations away from the meteoric water line as a result of various processes (adapted 
from Domenico and Schwartz 1997). 
3.4.2 Radioactive isotopes 
Radioactive isotopes can be used to determine the age of the water sample. 
Commonly used isotopes are 3H, 14C, and 36Cl, which have half-lives of 12.3 years, 
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5,730 years and 3.1 x 105 years respectively (Domenico and Schwartz 1997). Zuber 
et al. (2011) recognises three different definitions for ages when using age tracers in 
groundwater investigations: water age, advective age, and tracer age. The water age 
is the age of the water. It may be the same as the tracer age (age determined from 
tracer analysis) in some systems, but, in dual porosity aquifers diffusion exchange 
with stagnate pore water may restrict the movement of tracers relative to the 
movement of groundwater. In these cases a diffusion retardation factor is used to get 
the advective age, which is analogous to, but distinct from the water age. The effects 
of diffusion may also affect porous aquifers with immobile zones, due to tracer 
exchanges between mobile and immobile zones. In these cases, the advective age 
may have to be determined using numerical models.  
3.4.3 Strontium isotopes 
The 87Sr/86Sr ratio is commonly applied to groundwater studies to assess water-
mineral interactions, and is especially of use where marked hydrogeological 
variations occur. Geochemically, Sr behaves similarly to Ca, and it substitutes for Ca 
in many minerals, such as feldspars and pyroxene. The strontium isotope ratios of 
these minerals are not significantly fractionated as a result of geological processes; 
however, changes in mineral phases, due to weathering and chemical alteration, do 
impact on the chemistry of the water (McNutt 2000). The amount of 87Sr in the earth 
is increasing slowly due to the radioactive decay of 87Rb, which has a half-life of 
4.88 x 1010 years. Rb commonly substitutes for K in minerals such as biotite and 
orthoclase. As 87Sr and 86Sr are generally affected by the dissolution of different 
types of minerals, the 87Sr/86Sr ratio natural waters can be used to assess and interpret 
these water-mineral interactions. Weathering of Ca-rich minerals generally produces 
waters with low 87Sr/86Sr ratios, whereas weathering of K-rich minerals produces 
waters with high 87Sr/86Sr ratios. Therefore, old granitic rocks generally have high 
87Sr/86Sr ratios, because they: (1) tend to have high Rb/Sr ratios; and (2) the 87Rb has 
had a long time to decay into 87Sr. Alternatively, young basaltic rocks generally have 
low 87Sr/86Sr ratios, because they: (1) tend to have low Rb/Sr ratios; and (2) there has 
only been a short period for the decay of 87Rb into 87Sr (Drever 1997). 
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3.5 THREE-DIMENSIONAL (3D) GEOLOGICAL MODELS 
Three-dimensional (3D) geological/hydrogeological models are an important tool for 
building and developing the conceptual model of a hydrogeological system, and they 
are used in a wide range of investigations. 3D visualisation allows for presentation of 
a conceptual model, but its real utility lies beyond this. They are also a repository for 
a variety of data sets, including surface geology, borehole logs, geophysical data and 
field observations. By integrating this data into a single 3D model, a more complete 
understanding of the system is attained. Also, interrogation of the 3D model may 
highlight flawed assumptions in the conceptual model, and holes in the data set 
become apparent (Cox et al. 2013). 3D visualisation models help to better define the 
system, which in turn provides a more complete conceptualisation.    
3D geological models can be applied to enhance traditional groundwater 
investigations; for example, Giambastiani et al. (2009a)  and Kelly et al. (2009) used 
3D visualisation as a tool to investigate aquifer connectivity and the relation to 
surface water, by mapping the borehole response to a flooding event. The 
visualisation of this response in the Naomi Creek catchment of northern NSW helped 
to reveal the connectivity between the unconfined aquifer and surface water. Three-
dimensional geological models have also been applied to: alluvial aquifers in 
Queensland, Australia (Cox et al. 2013); artificial recharge projects in Finland 
(Artimo et al. 2005); watershed protection studies in Canada (Bajc and Newton 
2005); groundwater resources studies in the USA (Dey et al. 2005); and in Poland, a 
3D geological model of the entire country has been developed for analysis of oil and 
groundwater resources (Malolepszy 2005).  
3.6 GROUNDWATER RECHARGE 
Groundwater recharge can be described as the entry of water into the saturated zone. 
In most cases recharge is via vertical migration of water from the unsaturated zone, 
including from disconnected streams, discussed previously. However, recharge can 
also be contributed by lateral flow from surface water that intercepts the saturated 
zone, or by flow from adjoining aquifers or aquitards (Younger 2007). However, this 
simple definition is not always sufficient, as a distinction can be made between total 
recharge and net recharge. The latter is the total recharge (as described above) 
minus the groundwater lost via groundwater discharge, pumping and plant use during 
 40 Chapter 3: Background 
the period of measurement (Armstrong and Narayan 1998). Recharge can occur as a 
result of: 1) diffuse infiltration of precipitation, which is often referred to as direct 
recharge; or 2) by focused infiltration from surface water bodies and runoff, which is 
often termed indirect recharge (Healy 2010). Focussed recharge can be further 
separated into two separate forms of recharge, according to the geomorphology of 
the features involved. Localised recharge is described as the infiltration of overland 
flow into fractures and macropores, and channel leakage, is the diffusion of water 
below surface water bodies (de Vries and Simmers 2002).  
The identification of recharge processes is the key to understanding the level 
of connectivity between aquifers and/or the interplay between surface water and 
groundwater, as the methods used to assess recharge are often only applicable for 
specific hydrological conditions. Therefore, the development of a conceptual 
hydrogeological model that includes information on recharge processes is essential 
prior to implementing techniques of recharge estimation. Other factors that should be 
considered are the climate history and recent land-use changes, which might have a 
residual effect on groundwater levels and compositions.  
The determination of recharge is complicated by the fact that hydraulic 
conductivity values are variable, depending on the moisture content of the soil. Dry 
soils are less permeable than wet soils; therefore during a rainfall event in an arid 
area with dry soils, the initial vertical permeability will be low, resulting in more 
runoff and less infiltration. But the vertical permeability will increase with time as 
the ground becomes moist, resulting in increased infiltration (Fetter 2001). Despite 
this complicating factor, analytical techniques that make simplifying assumptions are 
valuable tools for estimation of recharge rates. 
Recharge is typically difficult to estimate reliably; therefore a range of 
methods should be implemented in order to reduce the level of uncertainty (Misstear 
et al. 2009). Some of the more commonly used methods are summarised below.  
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3.6.1 Water budget approach 
The water budget (or water balance) approach is a very convenient method for 
determination of recharge, because the system does not have to be in equilibrium to 
use it (Fetter 2001). Recharge is determined using the following equation: 
(3.15)       =  +	( −	!") +	∆ℎ! . '. ( 
where R is recharge (m3/day), Qp is discharge from pumping (m3/day), Qout is lateral 
outflow (m3/day), Qin is lateral inflow (m3/day), ∆ℎ! is the change in groundwater 
level in time period i (m), A is the area of the study/aquifer (m2), and S is the 
storativity of the aquifer (Baalousha 2005). This method is sometimes limited by the 
accuracy of evapotranspiration estimates and the availability of pumping records; 
however, it has been successfully applied to a number of various setting (e.g. Arnold 
and Allen 1996; Manghi et al. 2009; Misstear et al. 2009). 
3.6.2 Analysis of annual groundwater level changes 
Analysis of monthly groundwater levels may in some instances reveal a pattern in 
groundwater levels, with levels generally at their lowest just before the wet season 
(i.e. at the end of the drier period). This period of low water levels can be considered 
to be the start of the ‘groundwater year’. The groundwater level change in an aquifer 
can be assessed by quantifying the difference in groundwater levels between 
successive water years. The net recharge (Section 3.6) can be estimated from these 
data by assuming that recharge is equal to the groundwater level change multiplied 
by the specific yield (Armstrong and Narayan 1998).  
To show the relationship between rainfall and recharge, the change in 
groundwater levels is plotted on the y1-axis, annual rainfall is plotted on the y2-axis 
and the net recharge is plotted on the x-axis. The slope of the line describing 
groundwater level change versus annual rainfall will provide an estimate for the 
specific yield (Sy) for unconfined aquifers (Armstrong and Narayan 1998). 
3.6.3 Rainfall event analysis 
Recharge can be estimated by analysis of single rainfall events, by assuming that if 
no recharge had occurred, groundwater levels in the bore would have continued to 
fall at a consistent rate (Figure 3.8). Assuming the groundwater level in the bore is 
not affected by pumping, and that inflows and outflows to the groundwater system 
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are equal, recharge can be estimated using the following equation (Armstrong and 
Narayan 1998; Healy and Cook 2002): 
(3.16)         ) =	(Sy∆h) 
where Re is event recharge. It is worth noting that the sum of the event recharge for 
one year will be more than the annual recharge, because annual recharge incorporates 
losses from discharge to streams and/or other aquifers and discharge from pumping. 
Results for multiple recharge events are generally projected onto a graph showing the 
water-table rise on the y-axis and the event rainfall on the x-axis. The slope of the 
line may be used to generate a storativity estimate (Armstrong and Narayan 1998). 
Owor et al. (2009) applied a more detailed analysis of event rainfall in north 
Africa, focussing on the intensity of a rainfall event to describe its empirical 
relationship with recharge. They found that recharge was better approximated by the 
sum of daily rainfall exceeding 10 mm rather than the sum of all daily rainfall, in the 
seasonally humid catchments of the Upper Nile Basin. This reflects the fact that a 
greater percentage of rainfall becomes recharge as the soil becomes moist.  
 
 
 
Figure 3.8: Piezometer response to a single rainfall event. The value for the water-table rise (∆h) is 
determined from the subtraction of the extrapolated antecedent recession curve (dashed line) from the 
peak of the water level rise (Adapted from Healy and Cook 2002). 
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3.6.4 Channel leakage estimates from stream-flow gauging data 
In a losing stream, channel leakage can be estimated by gauging the changes in flow 
at two points along a stream. Groundwater recharge from the stream will equal the 
difference in flow at the two points, after the following fluxes have been accounted 
for: inputs from lower order streams, outputs from pumping from the stream and 
evaporation in the stream (Abdulrazzak et al. 1989; de Vries and Simmers 2002; 
Younger 2007). 
3.6.5 Chloride Mass Balance (Environmental Tracer) 
The chloride content of shallow groundwater can be compared to the chloride 
content of rainwater (Equation 3.17) to determine how much rainwater is evaporated 
and how much percolates down into the groundwater.  
(3.17)   % lost to evaporation = (1–( *"+)",-!"	.	+/0,!1)	!"	,-!"2-),
*"+)",-!"	.	+/0,!1)	!"	3,"12-),
)) X 100 
(Younger 2007). 
Soil-water chloride can also be used to estimate recharge, assuming that 
recharge is due to diffuse percolation (piston flow). Samples must be taken and the 
soil-water chloride content tested at varying depths in the soil profile. Generally, the 
concentration of chloride in the soil-water will increase with depth until the base of 
the root zone, although in some instances there is a spike in the chloride 
concentration at the base of the root zone. After this point, the chloride concentration 
remains more or less constant, assuming the influence of recharge from preferential 
flow, evaporation and rock/water interactions are limited. The zone of constant 
chloride concentration is targeted for use in the following equation: 
(3.18)         DCd = PCP+D 
where D is the vertical drainage flux below the root zone (mm/yr), Cd is the chloride 
concentration of the soil at the base of the root zone (mg/L), P is the mean annual 
precipitation (mm/yr), and CP+D is the weighted average of chloride in precipitation 
and dry deposition (mg/L) (Allison and Hughes 1978; Walker 1998). If irrigation 
water is used on the sample site, the method is still valid, assuming the chloride 
concentration and the amount of irrigation are known. The chloride concentration 
and volume of the irrigation water can then be included in the PCP+D value. 
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For studies in arid and semi-arid regions of Australia, Allison et al. (1994) 
found that the chloride mass balance approach was the simplest, least expensive and 
most universally applicable method of recharge estimation, compared to other 
physical and chemical approaches. The technique has also been successfully applied, 
for example, to recharge estimation in alluvial sediments in semi-arid zones in India 
(Sukhija et al. 2003a) and in South America (Houston 2009). However, caution must 
be exercised if there have been recent changes to land use in the area being 
considered, as this can reset the chloride profile (Allison et al. 1994). 
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Aims of Paper 1 
This paper assesses time series hydrochemical data to describe temporal and spatial 
variations in hydrochemistry, particularly in relation to drought and flood. Another 
important aspect of this paper is the assessment of the interactions between water in 
the alluvium and Cressbrook Creek. The stratigraphy of the alluvium is also 
investigated using three-dimensional geological modelling. This geological 
understanding is used as a framework for hydrogeological interpretations in this 
paper and in subsequent papers. 
 
Abstract 
A catchment-scale multivariate statistical analysis of hydrochemistry enabled 
assessment of interactions between alluvial groundwater and Cressbrook Creek, an 
intermittent drainage system in southeast Queensland, Australia. Hierarchical cluster 
analyses and principal component analysis were applied to time series data to 
evaluate the hydrochemical evolution of groundwater during periods of extreme 
drought and severe flooding. A simple three-dimensional geological model was 
developed to conceptualise the catchment morphology and the stratigraphic 
framework of the alluvium. The alluvium forms a two-layer system with a basal 
coarse-grained layer overlain by a clay-rich low permeability unit. In the upper and 
middle catchment, alluvial groundwater is chemically similar to stream water, 
particularly near the creek (reflected by high HCO3/Cl and K/Na ratios and low 
salinities), indicating a high degree of connectivity. In the lower catchment, 
groundwater is more saline with lower HCO3/Cl and K/Na ratios, notably during dry 
periods. Groundwater salinity substantially decreased following severe flooding in 
2011, notably in the lower catchment, confirming that flooding is an important 
mechanism for both recharge and maintaining groundwater quality. The integrated 
approach used in this study enabled effective interpretation of hydrological processes 
and can be applied to a variety of hydrological settings to synthesise and evaluate 
large hydrochemical datasets.  
 
Keywords: Groundwater/surface-water relations, hydrochemistry, multivariate 
statistical analysis, alluvial aquifer, Australia  
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4.1 INTRODUCTION 
Knowledge of groundwater and surface water interactions is crucial for management 
of riparian environments and water resources (Winter et al. 1998; Sophocleous 2002; 
Promma et al. 2007), but these interactions can be difficult to study and are often 
poorly understood due to their complexity (Kalbus et al. 2006). The degree to which 
groundwater will interact with a stream is dependent on a number of factors, such as 
the position of the stream relative to groundwater flow systems, stream bed 
morphology and material, and climate (Winter 1999; Sophocleous 2002). Climatic 
factors are particularly important for many alluvial floodplain aquifers, which often 
rely on flooding for groundwater recharge (Hughes et al. 2011). It is therefore 
important to identify the hydrological effects of flood/drought cycles, especially 
considering that the number of extreme rainfall events is projected to increase due to 
climate change (Parry et al. 2007). However, it is often difficult to identify these 
interactions, particularly in intermittent streams, which can change from losing to 
gaining conditions depending on groundwater levels in the adjacent aquifer.  
Interactions between groundwater and surface waters have been described by 
numerous studies which use hydrographs and other physical datasets (Vázquez-Suňé 
et al. 2007; Ivkovic 2009; McCallum 2009; Morin et al. 2009), 3D geological models 
(Giambastiani et al. 2009a; Giambastiani et al. 2009b; James et al. 2010; Cox et al. 
2013), numerical flow modelling (Scibek 2007; Martinez-Santos 2010), and 
hydrochemistry (Soulsby 2007; Eastoe et al. 2010). Of the studies that use 
hydrochemistry to assess these interactions, most fall into two broad categories: 1) 
techniques which assume that surface water will be chemically similar to adjacent 
groundwaters if there is a connection between the two systems, and 2) end-member 
mixing techniques (Guggenmos et al. 2011). However, both these approaches are 
only useful if the water chemistry is sufficiently different (Kalbus et al. 2006). As 
this is not always the case, it can sometimes be difficult to identify the different 
waters by use of tabulated data or graphical classification techniques, such as the 
commonly used Piper diagram. As a result, other more objective techniques, 
including multivariate statistical analysis (MSA), are increasingly being applied. One 
of the main advantages of MSA is that more parameters can be used to assess 
hydrochemistry (Güler et al. 2002). For example, Piper diagrams normally only 
include the major ions, whereas there is no limit to the number of parameters that can 
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be used in a MSA, provided that there are at least five observations for every 
parameter included in the analysis (Hair et al. 2006).  
Two of the most commonly used MSA techniques are hierarchical cluster 
analysis (HCA) and principal component analysis (PCA). HCA categorises samples 
into groups, or ‘hydrochemical facies’ according to their statistical similarities, and 
these clusters can then be used to identify hydrological processes. Graphical 
determination of hydrochemical facies, such as by Piper or Stiff diagrams, produce 
groupings or trends primarily based on subjective assessment by the researcher, 
whereas hydrochemical facies produced by MSA are supported by statistical rigour 
(Güler et al. 2002). In addition, PCA, which is often used in conjunction with HCA, 
reduces a large number of parameters into fewer principal components (typically two 
or three), which can be presented using scatter plots (Townend 2002). PCA is also 
often used to assess the degree of continuity, or overlap of water types between the 
HCA clusters (e.g. Güler et al. 2002), or to identify hydrological processes directly 
(e.g. Raiber et al. 2012). 
Many reported studies have used HCA and/or PCA to classify surface water 
systems (e.g. Alther 1989; McNeil et al. 2005; Panda et al. 2006; Kannel et al. 2007; 
Fröhlich and Breuer 2008), discharging springs (e.g. Ragno et al. 2007; Delgado-
Outeiriňo et al. 2012), and groundwater systems (e.g. Yidana et al. 2010; Kurtzman 
et al. 2011; Monjerezi et al. 2011; Raiber et al. 2012). It is, however, less common to 
integrate groundwater and surface water chemistry into the same analyses (e.g. Güler 
and Thyne 2004; Reeves et al. 2008; Guggenmos et al. 2011; Bakari et al. 2012), and 
very few studies have assessed temporal variations of surface and groundwater 
interactions using MSA. Of those studies that report temporal variability of surface 
and groundwater quality, only Menciό and Mas-Pla (2008) integrated results from 
multiple sampling events into a single HCA and PCA assessment. The alternative 
approach is to perform a separate MSA for each sampling event (e.g. Thyne et al. 
2004; Kumar et al. 2009a); however, the later approach may be unpractical if there 
are multiple sampling events with variable sampling regimes. Also, by integrating all 
data into a single MSA, the hydrochemical evolution at a selected site can be studied 
directly by assessing the time series data. The current study applies MSA to a 
hydrochemical dataset which extends from 1992 to 2011 for the Cressbrook Creek 
catchment, a small drainage with an associated alluvial aquifer system.  
 Chapter 4: Paper 1 51 
The results of the hydrochemical assessment are also considered within a 
three-dimensional (3D) geological model to provide spatial context; this approach 
can greatly enhance hydrogeological understanding, especially when it is combined 
with other hydrological data (Robins et al. 2005; Royse et al. 2010; Raiber et al. 
2012). While there have been many hydrogeological studies highlighting the benefits 
of using 3D geological models in preference to 2D representations (Artimo et al. 
2008; Wycisk et al. 2009; Gill et al. 2011; Cox et al. 2013), very few studies 
integrate hydrochemical data into a 3D model (e.g. Merritt and Whitbread 2008) and 
even less include a MSA of the hydrochemistry (e.g. Raiber et al. 2012). The 3D 
model was partly created to display the internal stratigraphy of the alluvium, using 
GoCAD 3D geological modelling software® (Paradigm Geophysical Pty Ltd, 
version 2009.3). Large amounts of readily available data, including geological maps, 
borehole logs and water chemistry results can be integrated by incorporating a 3D 
geological model with a MSA of hydrochemical data. This integration of data makes 
this an ideal tool for the development of hydrogeological understanding.  
This approach of combining an analysis of the geology with a detailed 
assessment of groundwater and surface water chemistry is used to investigate 
interactions between this intermittent stream and its alluvial aquifer system. The 
study will focus largely on: 1) the degree of interconnectivity at selected locations 
within the catchment; and 2) the influence of variable climatic conditions on this 
interconnectivity. The climatic aspect will give particular consideration to the 
hydrochemical response during the prolonged period of drought and the substantial 
flood event that occurred in January 2011. The contrast in antecedent climatic 
conditions for the 2011 sampling event provides a unique opportunity to establish the 
hydrochemical effects of such a flood event. 
4.2 CRESSBROOK CATCHMENT AND ITS SETTING 
The Cressbrook Creek catchment is situated approximately 80 km west of Brisbane, 
in southeast Queensland, Australia (Figure 4.1) and covers an area of around 200 
km2. The catchment is well forested and largely undeveloped in the higher elevations 
to the southwest, but the downstream alluvial flats to the northeast host rich farm 
land. In this part of the catchment, irrigators use up to 3000 ML of alluvial 
groundwater annually, but groundwater abstraction is often limited by low 
groundwater levels. This limitation of water availability was exacerbated by the 
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construction of a town water supply dam (Cressbrook Dam; Figure 4.2) near the top 
of the catchment in 1983, to supply Toowoomba City. Initially, water was released 
from the dam to recharge the alluvium, but water releases were phased out in the late 
1990s due to drought induced water shortages, resulting in reduced flow in the creek 
and substantially lower water levels in the alluvium. Of no surprise, farmers within 
the catchment had lodged their objections to the restriction on water releases, and 
there was much interest in the potential for aquifer recharge following the floods.  
 
 
Figure 4.1: Cressbrook Creek Catchment in southeast Queensland (Australia) located around 60 km 
west-northwest of Brisbane City. 
 
 
4.2.1 Geology 
The alluvium of Cressbrook Creek overlies a bedrock sequence of variable geology, 
which results in distinct morphologies and hydrological properties. Geologically, the 
headwaters are composed primarily of Palaeozoic basalts and metamorphic rocks, 
Permo-Triassic rhyolites, Mesozoic granodiorite, and minor outcrops of Mesozoic 
sedimentary rock (Figure 4.2). Primary porosities are generally low, but permeability 
is enhanced in some regions by weathering of granitic rocks and by faults and 
fractures in the other formations (Geological Survey of Queensland and Irrigation 
and Water Supply Commission 1973). Secondary porosity is particularly enhanced in 
some areas such as the Mesozoic sedimentary rocks of the Woogaroo Subgroup near 
Kipper Creek (Figure 4.2); this group is composed of quartzose sandstones, siltstones 
shale and conglomerate (EHA 2006). Topographic relief is steep in the headwaters of 
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the catchment, where elevations are in excess of 500 m AHD (Australian Height 
Datum) near Cressbrook Dam.  
 
 
Figure 4.2: The geology, topography and surface water drainage systems of the Cressbrook Creek 
Catchment. 
 
In the downstream (northeast) section of the catchment, bedrock consists of 
Mesozoic sedimentary rocks of the Toogoolawah Group (Figure 4.2), which are 
composed mostly of sandstones with fractured zones and limited groundwater 
storage (EHA 2006). The topography is relatively flat here and the valley floor is 
wider with greater meandering of the creek near its confluence with the larger 
Brisbane River. Alluvium is narrow in the upper catchment, but is appreciably wider 
and deeper in the lower valley, notably where other tributaries join. The alluvium 
generally consists of fining-upwards sequence, and is typically composed of coarse 
sands and gravels near the base and finer-grained material, including clay and/or silt 
at the top of the sequence. The alluvial deposits are widest at the confluence of 
Cressbrook Creek with the Brisbane River (Figure 4.2), where the alluvium reaches 
thicknesses of more than 15 m.  
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Visual inspection of alluvial sediments indicates that grains are commonly 
coated in orange/brown to brown/black Fe- and Mn-oxide minerals. The presence of 
these minerals was also confirmed by Harms and Pointon (1999), who reported Fe 
concentrations in alluvial soils ranging from 43 to 160 mg/kg, and Mn concentrations 
of from 23 to 57 mg/kg. These values are based on diethylene triamine pentaacetic 
acid (DTPA) extraction analysis of three alluvial soil samples from the Cressbrook 
Creek catchment. 
4.2.2 Climate and groundwater utilisation 
Southeast Queensland has a humid, subtropical climate, with wet, hot summers and 
dry mild winters (Figure 4.3; Harms and Pointon 1999). The average annual rainfall 
measured at Toogoolawah (Station number 040205, BOM 2012; Figure 4.4) is 
841 mm, with approximately 41% of the annual precipitation falling during the 
summer months (December to February), whereas only around 14% of the annual 
precipitation falls in the winter months (June to August). The assessment of the 
cumulative deviation from the long-term mean (Figure 4.3) highlights the variability 
of rainfall at Cressbrook Creek. In particular, Figure 4.3 shows the extended dry 
period from the 1980s and the extremely wet years in 2010 and 2011 which caused 
substantial flooding throughout much of southeast Queensland. However, even in 
wet years the infiltration of rainfall is limited by high evapotranspiration rates, with 
mean annual pan evaporation rates of 1809 mm measured at Gatton (Harms and 
Pointon 1999), which is located about 50 km to the south of Toogoolawah (Figure 
4.1). 
Importantly for this study, the Department of Environment and Resource 
Management (DERM) performed groundwater sampling during the period of low 
rainfall before the heavy rainfall and flooding of 2010 and 2011. Due to those 
drought conditions, water levels of Cressbrook Dam, in the headwaters (Figure 4.4), 
did not reach the overflow level between 1999 and January 2010, and consequently 
there was no flow from the dam to the creek during this period. However, 
Cressbrook Creek did flow intermittently during this time (Figure 4.5), indicating 
that the creek was recharged by both overland flow in the upper reaches, as well as 
by groundwater baseflow. During the drought, flow rates were generally very low, 
and ceased completely in mid-2006 and did not recommence until early 2008 (Figure 
4.5).  
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The drought conditions of 2000 to 2009 also affected the volume of 
groundwater that was abstracted from the alluvium. During the early 2000s 
abstraction volumes ranged from 2100 to 3000 ML/year, however, volumes 
decreased markedly to between 900 to 1500 ML/year due to low water levels in the 
alluvium. Abstraction from the alluvium is minimal in the upper catchment, due to 
both the smaller extent of the alluvium, but also due to the availability of good 
quality groundwater in the underlying bedrock aquifers. Most alluvial groundwater 
bores are located in the mid to lower catchment, downstream of CC4 (Figure 4.4; 
Insert 3), where abstraction rates are consistently higher.  
 
 
Figure 4.3: Plot of cumulative deviation of rainfall from the mean annual rainfall (847 mm) in the 
Cressbrook Creek Catchment based on data from the Bureau of Meteorology (2012). Sampling times 
are projected onto the cumulative deviation to highlight rainfall patterns. 
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Figure 4.4: Cressbrook Creek catchment showing shaded topography, extent of alluvium, and 
sampling sites used for this study. 
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Figure 4.5: Average monthly stream water (SW) levels and annual discharge volumes at CC3 (Stream 
gauge 143921A; DERM 2011). Water flow ceases at -0.46 m. The median flow rate from 1987 to 
2011 (inclusive) was 3,600 ML/year, with discharge varying from 0 ML/year in 2007 to 100,000 
ML/year in 2011. GW is groundwater. 
 
4.3 APPROACH AND METHODS 
The approach used in the study was to develop a 3D geological model and use this as 
a framework to integrate hydrochemical and hydrological data. Hydrochemical data 
was evaluated using HCA and PCA to assess stream-alluvial aquifer connectivity 
during periods of drought and flood. 
4.3.1 3D model development 
The software package GoCAD was used to create a simple catchment-scale 3D 
geological model of Cressbrook Creek and its alluvial deposits. The model includes a 
topographic surface and a base of alluvium surface, both of which extend from the 
outlet of Cressbrook Dam in the headwaters, to the confluence with the Brisbane 
River in the northeast. The alluvium is modelled in more detail in the lower part of 
the catchment, where the internal stratigraphy has been simplified into a two layer 
model, comprised of a basal sand and gravel layer and an overlying low permeability 
layer. The aerial extent of the two-layer model is shown in Figure 4.6.  
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Figure 4.6: The areal extents of each layer of the 3D geological model are displayed with the locations 
of the data points. The base of the alluvium layer (i.e. alluvium-bedrock interface) extends from 
Cressbrook Dam in the headwaters to the confluence with the Brisbane River; the top of the basal 
coarse-grained alluvium layer is only modelled in the area included in the Insert. 
 
Data sources  
The topographic surface for the 3D geological model was constructed using the 30 m 
digital elevation model (DEM) of Esk, Map Sheet 9343, Queensland DERM. 
However, the modelled topography did not accurately represent the incised channel 
created by Cressbrook Creek, particularly in the lower part of the catchment. To 
correct for this, a manual field survey of the creek’s elevation was conducted at two 
locations, with known elevations used as comparative datum points. The surface 
geology information is based on the Geological Survey of Queensland 1:100000 
geological map sheet (Esk). The interpretation of the subsurface geology is based on 
144 borehole logs that were provided by DERM (2011); an additional six borehole 
logs were imported from a state government report on Queensland’s coarse sand 
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resources (Hayward 2000). The borehole database is largely based on drillers’ 
geological logs, which vary greatly in quality, detail and terms used. 
3D model development and geological interpretation 
A simplified description of the work flow used to develop the 3D geological model is 
presented in Figure 4.7. The first step was the creation of the topographic surface 
based on a 30 m DEM with some modification based on manual surveys. 
Lithological logs from over 260 boreholes were initially considered, but many of 
these were omitted from the study due to a lack of detail or ambiguous descriptions. 
Following this initial assessment, there were 150 boreholes with adequate quality and 
detail to assess the lithological subdivision within the alluvium (Figure 4.6).  
Examination of the geological logs showed that there is a consistent fining-
upwards sequence within the alluvium, which typically consists of basal sands and 
gravels, overlain by finer-grained materials such as silts and clays. The fine-grained 
sediments towards the top of the alluvium have distinctly different hydraulic 
properties in comparison to the coarse-grained sediments at the base of the sequence, 
based on an assessment of grain size. Because of this common character these 
variations were simplified into two hydrogeological layers which were imported into 
GoCAD.  
The 3D capability of GoCAD was then used to generate (a) the base of the 
alluvium layer, and (b) the top of the basal coarse-grained layer, which define the 
main alluvial aquifer. Control points were added where necessary to maintain the 
morphology and relative position of these layers. As borehole data were limited in 
some areas, control point locations were established based on geological knowledge 
from elsewhere in the catchment, or from neighbouring catchments with similar 
geological settings. Fewer control points were used in the middle of the main 
channel, particularly in the lower part of the catchment, where sufficient borehole 
data exists (Figure 4.6). As a consequence of this uneven distribution of borehole 
data, the upper surface of the basal coarse-grained layer was modelled in the lower 
part of the catchment only (Figure 4.6), using data from 85 borehole logs.  
Typically, 3D geological models are limited by uncertainties due to data 
density and quality and geological complexity, as well as assumptions made during 
geological interpretation and conceptualisation (e.g. Mann 1993; Bardossy and Fodor 
2001; Zhu and Zhuang 2010; Raiber et al. 2012; Cox et al. 2013). In the case of this 
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model, data quality is a major source of uncertainty, largely as the geological logs are 
mostly produced by water drillers, and because the distribution is uneven, 
particularly in the upper catchment. However, conceptualisation of the lithological 
subdivision is considered realistic as the grainsize distribution was relatively 
consistent throughout most of the alluvium. This simplified two layer model provides 
an effective overview of the alluvial stratigraphy, and is adequate for this catchment-
scale investigation. 
4.3.2 Hydrochemistry  
Data sources 
Much of the hydrochemical data used in this study were sourced from the 
Queensland groundwater database (DERM 2011), including 60 groundwater analyses 
and six surface water analyses, collected from 1992 to 2010. The six historic surface 
water samples were all collected from the same location (CC3, Figure 4.4). A further 
eight surface water samples and 26 groundwater samples were collected as part of 
this current study during June-September 2011. The MSA is therefore based on 100 
surface water and groundwater samples collected from 42 sampling sites (Figure 
4.4). Surface water analyses from samples collected at the intake of Cressbrook Dam 
(Figure 4.4) by the Toowoomba Regional Council (2012) between 1995 and 2009 
were also assessed in this study, but were not included in the MSA, as several input 
parameters were not determined. Those analyses were, however, used to assess 
temporal changes of surface water chemistry (Section 4.5.3). 
Samples were collected using standard sampling protocols; all chemical 
analyses used in this study had a charge balance error (CBE) of less than ±10%, and 
95 of the 100 samples have a CBE of less than 5%. The CBE of 10% was selected 
(Güler et al. 2002; Guggenmos et al. 2011) instead of the commonly used industry 
standard of 5% (Freeze and Cherry 1979), so that only significant charge imbalances 
would be omitted. 
Background to multivariate statistical analysis 
The MSA of hydrochemistry used to identify interactions between surface waters and 
groundwaters follows the workflow presented in Figure 4.7. Hydrochemical data 
from 12 different groundwater sampling events, from which more than 20 different 
chemical constituents had been measured, were initially considered for inclusion into 
the MSA analysis. However, MSA only considers complete datasets with a 
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numerical value for every input variable; therefore, several chemical constituents 
(e.g. PO4) were removed from the MSA, because they did not appear in an adequate 
number of analyses. As a consequence, the MSA was performed on water chemistry 
records from 100 water samples, using the following 12 most commonly reported 
constituents (Ca, Mg, Na, K, Mn, Fe, SiO2, Cl, HCO3, SO4, NO3 and pH) as input 
parameters.  
 
 
Figure 4.7: Workflow showing the methodologies used to assess the geology and hydrochemistry. 
 
Surface water was sampled at nine different locations (Figure 4.4), of which 
only site CC3 had multiple samples, whereas the remaining sites were only sampled 
in 2011. Groundwater was sampled at 34 different locations (Figure 4.4), the alluvial 
sites were typically sampled three or four times, and one site was sampled seven 
times. Bedrock bores were sampled less frequently, with only one site having been 
sampled prior to 2011.  
MSA procedures require all samples to have a numerical value; therefore, 
where values were censored (i.e. concentrations reported as being below the 
detection limit) or reported as zero, these had to be substituted. Consequently, zero 
values were replaced with a value equal to half of the lowest reported result, and 
censored data were assigned a value equal to half the detection limit (e.g. Farnham et 
al. 2002; Templ et al. 2008). Prior to the MSA, all hydrochemical values, with the 
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exception of pH, were log-transformed to approximate a normal distribution, and the 
data were standardised. The Bartlett’s test of sphericity and the Kaiser-Meyer-Olkin 
(KMO) test (Field 2009) were performed using SPSS 19.0 for Windows® (SPSS, 
Inc., Chicago, IL, USA, 2010) and all of the remaining analyses were performed 
using Statgraphics Centurion (Manugistics Inc., USA, Version 16.1).  
Although sampling was carried out during a range of climatic conditions, the 
cumulative rainfall deviation plot (Figure 4.3) shows that most samples were 
collected after prolonged periods of dry weather, except for the 2010 and 2011 water 
sampling. Similarly, discharge rates in Cressbrook Creek were also low (Figure 4.5) 
during most of the sampling, except for the 2010, and, more notably, the 2011 
sampling. The latter sampling was conducted approximately five months after a 
substantial flood in January, 2011. The stark contrast in antecedent climatic 
conditions for the 2011 sampling provides a unique opportunity to study the 
hydrochemical effects of such an event. 
Hierarchical cluster analysis 
Two different linkage algorithms were used to cluster the data. The nearest 
neighbour linkage method was initially used to identify ‘outliers’, with chemistries 
dissimilar to the other (e.g. Daughney and Reeves 2005; Guggenmos et al. 2011; 
Raiber et al. 2012) samples. Based on this assessment, two samples were excluded so 
as not to bias the dataset during the subsequent assessment. The other 98 samples 
were then clustered using Ward’s linkage method, which is one of the most 
commonly used (e.g. Güler et al. 2002; Daughney and Reeves 2005; Guggenmos et 
al. 2011; Raiber et al. 2012), as it minimises within-group variance (Fernau and 
Samson 1990; Gong et al. 2008; Mooi and Sarstedt 2011). 
Principal component analysis 
Prior to the PCA, Bartlett’s test of sphericity and the KMO test were performed to 
assess sampling adequacy and the validity of PCA. The results from the Bartlett’s 
test of sphericity (chi-square statistic = 1066 for 66 degrees of freedom; p<0.001) 
indicate that the variables within the dataset are sufficiently correlated. Additionally, 
the KMO test (0.680) confirms that there is inter-correlation among the variables, 
implying that PCA can be applied to reduce the dimensionality of the dataset.  
PCA is a mathematical manipulation technique that reduces a complex 
dataset into a small number of principal components, thereby generating a 
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representation of the underlying structure of the dataset (Davis 2002; Thyne et al. 
2004; Cloutier et al. 2008; Raiber et al. 2012). In this study, PCA was used to 
generate a scatter diagram of the HCA data, providing a visual representation of the 
hydrochemical characteristics of the different clusters. In addition, time series data 
were displayed using PCA to highlight the hydrochemical evolution of groundwater. 
4.4 RESULTS AND DISCUSSION 
4.4.1 3D geological model 
The complex lithological variability within the alluvium was simplified into a two 
layer system in the 3D geological model (Figure 4.8). Cross-sections through the 3D 
model show that the thickness of the overlying lower permeability layer is spatially 
highly variable, ranging from around 1 to 10 m, with thickness generally increasing 
downstream. In contrast, the higher permeability, coarse-grained basal layer thins 
with distance downstream; there is also a decrease in the lateral extent of this layer 
relative to the width of the alluvial plain.  
Throughout much of the catchment, the channel of Cressbrook Creek is 
deeply incised into the alluvium; particularly near Cross Section A-A’ (Figure 4.8). 
This results in a smaller distance between the coarse-grained basal layer and the 
creek bed (approximately 1 m). The 3D model shows that this space between the 
coarse-grained basal layer and the creek bed increases with distance downstream, 
reaching between 2 to 5 m in the lower catchment. This feature is highlighted in 
Cross Section B-B’ (Figure 4.8), where the separation is approximately 3 m. This 
increase in the vertical separation between the coarse-grained basal layer and the 
creek may influence the degree of hydraulic connection between these two systems 
in the lower catchment. As there is no borehole data directly beneath the creek, the 
interpretation of the profile is based on lateral extrapolation from borehole data in 
close proximity to the creeks. Also, the relative hydraulic conductivity of the upper 
low permeability layer (Figure 4.8) is unknown, and although low, it may be highly 
variable. Therefore, the MSA approach is used as an independent constraint to 
further assess spatial and temporal variations in the degree of connectivity between 
the alluvial aquifer and the creek. 
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Figure 4.8: Cross sections through the 3D geological model showing the simplified two layers of the 
alluvium. The distance between the base of Cressbrook Creek and the top of the alluvial aquifer 
increases with distance downstream. AHD is Australian Height Datum. 
 
4.4.2 Water level analysis 
Figure 4.8 shows water-table measurements that were taken during two periods of 
climatic extremes, namely during the drought and after the flood of 2011. During the 
prolonged drought, Cressbrook Creek stopped flowing for approximately 18 months 
(Figure 4.5), and the water-table dropped to around 4 m below the base of the creek 
in the lower part of the catchment (Figure 4.8). The flood of January 2011 had a 
profound effect on water-table elevations, with increases of approximately 4 to 6 m 
(Figure 4.8). Of note, the water-table gradient at Cross Section A-A’ indicates that 
Cressbrook Creek was a losing stream in this part of the catchment during the 
drought, but it is gaining following the flood. Water level observations from other 
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groundwater bore transects in the middle of the catchment (i.e. B89 and B90, and 
B21 and B18; Figure 4.4) also suggest that the creek changes from losing to gaining, 
depending on climate variations. In the lower part of the catchment at Cross Section 
B-B’, the groundwater flow direction is unclear, but the creek is likely to be losing 
during periods of drought.  
In the upper catchment, there are no bore transects that can be used to assess 
the interflow between surface waters and alluvial groundwater. However, field 
observations of alluvial springs indicate that groundwater discharged into surface 
waters in 2010 and 2011, and that baseflow normally generates creek flow in this 
area (Section 4.3.2). Therefore, it is likely that Cressbrook Creek is gaining in the 
upper parts of the catchment. 
4.4.3 Surface water chemistry 
Surface water was sampled at nine locations (Figure 4.4), including six sites on 
Cressbrook Creek (CC1-CC6); the sample from the top of the catchment is CC1. The 
water in Cressbrook Creek is generally fresh, but becomes slightly more 
concentrated with distance downstream, due to the effects of water-rock interactions 
and evaporation, the latter being the dominant process in the lower catchment (Figure 
4.9). Water was also sampled from Kipper Creek (KC1), Oaky Creek (OCk) and the 
Brisbane River (BR1). Water sampled from Oaky Creek (OCk) appears to be more 
influenced by water-rock interactions than the other water samples based on Figure 
4.9; whereas the water in Kipper Creek (KC1) appears to be more affected by 
evaporation than the other surface water samples.  
Figure 4.9 also shows the effect of antecedent rainfall on surface water 
chemistry at the intake of Cressbrook Dam: the chloride concentration was relatively 
high in 2009, due to drought conditions, but decreased in 2011 following the heavy 
rain and flooding. Antecedent rainfall also had an effect on the relative proportion of 
anions in water at the intake to Cressbrook Dam (Figure 4.9). The Cl/(Cl+HCO3) 
ratio is much lower in 2011, following the heavy rainfall. Similar changes to salinity 
and chemical composition are likely to occur in groundwater receiving recharge from 
the creek, although these changes are probably more subdued. MSA will therefore be 
used to identify these subtle changes in groundwater chemistry. 
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Figure 4.9: Total Dissolved Solids (TDS) versus Cl/(Cl+HCO3) for surface water samples. The effect 
that water-rock interactions and evaporation have on surface water chemistry is highlighted. Water in 
Cressbrook Creek becomes more saline with distance downstream, and evaporation becomes the 
dominant process that changes the surface water chemistry in the lower part of the catchment (adapted 
from Gibbs 1970). 
 
4.4.4 Hierarchical cluster analysis 
The nearest neighbour method was applied to 100 water samples from 42 sampling 
locations (Figure 4.4) in order to detect outliers in the dataset. Two outliers (B37 and 
B103) were identified and subsequently removed from further MSA to avoid 
skewing of the remaining dataset. Outlier B103 is a chemically more evolved (Na-Cl 
type), shallow bedrock water, collected near the edge of the alluvium west of 
Toogoolawah (Figure 4.4). Outlier B37 is a brackish alluvial groundwater that was 
sampled to the east of Toogoolawah. B37 is a Ca, (Mg), (Na) - Cl type water, which 
is an unusual water type that is typically found in settings where saline groundwater 
mixes with fresh groundwater (Younger 2007). Although this observation warrants 
further investigation, it is beyond the scope of the current study.  
The remaining 98 water samples, including 14 surface water samples, 9 
bedrock groundwater samples and 75 groundwater samples from the alluvial aquifer, 
were assessed using Ward’s linkage method. Following an iterative process, two 
clusters and seven subclusters were identified from the resultant dendrogram (Figure 
4.10). 
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Figure 4.10: Dendrogram for the HCA showing three clusters and seven subclusters. The dendrogram 
includes multiple analyses of 40 different sampling sites, including 9 surface water sites, 25 alluvial 
sites and 6 bedrock sites. Hydrochemical values shown in the figure are the median values for each 
cluster. 
 
Median values were calculated for all hydrochemical parameters for each 
cluster and subcluster, as shown in Table 4.1, which includes results from all of the 
variables that were used in the HCA as well as the electrical conductivity (EC), 
which is used here as a proxy for salinity, and ion ratios (Section ‘Hydrogeochemical 
background’). Cluster A contains the waters with the lowest salinity and the lowest 
ratio of Cl/total anions (Figure 4.10), whereas Cluster B has brackish water and the 
highest relative proportion of Cl. 
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Table 4.1: Distribution of alluvial, bedrock and surface water samples within each HCA group, and the median chemical compositions (mg/L) of each cluster. 
Cluster / 
Subcluster 
Alluv B/rock Surface 
Water 
pH EC 
(µS/cm) 
Na K K/Na Mg Ca Mn Fe Cl SO4 SO4/ 
Cl 
HCO3 HCO3
/ Cl 
NO3 SiO2 
A 39 7 13 7.4 608 43.7 1.7 0.036 23 39 0.33 0.005 107 9 0.08 140 1.32 0.08 30.8 
A1 10 1 1 6.8 595 43 1.6 0.031 25 43 0.20 0.005 96 40 0.36 112 1.2 0.12 29 
A2 1 0 12 7.5 475 38 2.5 0.063 18 26 0.01 0.030 79 11 0.11 118 1.3 0.06 18 
A3 8 1 0 6.4 651 47 1.8 0.039 22 42 0.61 2.1 111 21 0.15 136 1.2 0.10 36 
A4 20 5 0 7.8 608 48 1.5 0.033 23 42 0.55 0.020 108 2 0.035 157 1.7 0.06 34 
B 36 2 1 7.6 1650 117 1.2 0.009 51 100 0.04 0.005 384 13 0.037 187 0.46 0.99 41 
B1 13 1 1 7.9 935 73 0.8 0.011 29 59 0.02 0.005 190 7 0.037 147 0.69 0.93 44 
B2 18 1 0 7.3 1890 150 1.2 0.009 68 116 0.04 0.005 536 22 0.041 200 0.35 2.0 41 
B3 5 0 0 7.8 4340 496 2.3 0.005 141 202 1.6 0.070 1210 24 0.025 535 0.44 0.23 37 
Note:  Alluv = Alluvium; B/rock = Bedrock  
Electrical conductivity (EC) values and ion ratios were not used in the HCA, but they have been included to assist with hydrochemical 
assessments 
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Hydrogeochemical background 
In the following sections, the hydrochemistry of each cluster and subcluster is 
compared and contrasted using the median values of the hydrochemical parameters 
of the MSA. Furthermore, ion ratios (K/Na, SO4/Cl and HCO3/Cl), which were not 
included in the MSA, are also assessed to further explore the hydrochemistry of the 
HCA groups and to evaluate hydrogeochemical processes. The K/Na ratio is 
important in this system because these two monovalent ions behave very differently 
in natural water systems. Although K is highly soluble, it rarely occurs in high 
concentrations in natural waters, because it is readily incorporated into clay minerals, 
unlike Na which is a more conservative ion (Hem 1985). Furthermore, K 
concentrations are often influenced by biological factors, such as the leaching of 
organic material in runoff. Consequently, K/Na ratios can be higher after storms 
(Kennedy and Malcolm 1978; Hem 1985), as the runoff contains K that has been 
leached from vegetation and topsoil.  
Reduction and oxidation (redox) processes are assessed using Mn, Fe and to a 
lesser extent SO4 and HCO3. Both Mn and Fe are generally more soluble in reduced, 
acidic waters (Hem 1985). Ferrous iron can be introduced into natural waters by: 1) 
the partial oxidation of pyrite (Table 4.2, Equation 1); 2) the dissolution of Fe(2)-
bearing minerals, including silicates, magnetite and siderite; or 3) the reductive 
dissolution of iron oxides (Table 4.2, Equation 2; Appelo and Postma 2005). 
However, the dissolution of Fe(2)-bearing silicate minerals and magnetite normally 
only contribute small amounts of Fe to groundwaters, due to very slow mineral 
dissolution rates.  
 
Table 4.2: Typical reduction and oxidation reactions involving Fe and Mn. 
Equation number and 
description 
Equation 
1.  Pyrite oxidation FeS2 +15/4 O2 + 7/2 H2O = Fe(OH)3 + 2SO42- + 4H+ 
2.  Fe-oxide reduction Corganic + H2O + 4FeOOH +7H+ = 4Fe2+ + HCO3- + 6H2O 
3.  SO4 reduction SO42- + 2Corganic + 2H2O = H2S + 2HCO3- 
Note:  For Equation 3, if pH is above 7, HS- will form instead of H2S. If pH is below 6, CO2 will form 
instead of HCO3-. If Fe2+ is in solution, it will react with sulphite species (H2S or HS-) and 
pyrite will precipitate. (Equations 1 and 2, Appelo and Postma 2005; Equation 3, Drever 
1997). 
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In the study area, alluvial sediments are normally coated with Fe- and Mn-
oxide minerals (Section 4.3.1). Under anoxic conditions, Fe oxides are reduced by 
organic matter in solution (Table 4.2, Equation 2), releasing Fe and HCO3 into 
solution. The Fe released from these reactions may: 1) stay in groundwater; 2) be 
precipitated as siderite; or 3) if Fe-oxide reduction is followed by SO4 reduction 
(Table 4.2, Equation 3), it could be precipitated as pyrite. During SO4 reduction, 
bacteria use organic matter to reduce SO4 to sulphide species, such as HS- (pH>7) or 
H2S (pH<7), or, pyrite, if Fe2+ is in solution (Drever 1997). 
Cluster A 
Water samples assigned to Cluster A are characterised by high HCO3/Cl and K/Na 
ratios (Figure 4.11 and Table 4.1). Subcluster A1, which largely contains alluvial 
groundwater samples, is notably high in SO4. Subcluster A2 contains all 11 samples 
from Cressbrook Creek and one alluvial groundwater sample (B91, sampled in 
2000). This subcluster is characterised by very low salinities, low SiO2 and NO3, and 
particularly high K/Na ratios. Therefore, it is likely that Cressbrook Creek receives a 
significant portion of its recharge from sources that have had recent contact with 
vegetation and topsoil, such as overland flow and quick-flow. Groundwaters of 
Subcluster A3 have a lower pH and relatively high levels of Mn and Fe (Figure 4.11 
and Table 4.1). The Fe and Mn concentrations are probably elevated due to the low 
pH, which appears to have induced Fe-oxide (and Mn-oxide) dissolution (Table 4.2, 
Equation 2). Samples assigned to Subcluster A4 include five bedrock groundwaters 
and 20 alluvial groundwaters. These groundwaters are relatively fresh, and the very 
low levels of SO4 and Fe and the moderately high levels of Mn and HCO3 (Figure 
4.11 and Table 4.1), indicate that these waters may have been subjected to Fe-oxide 
reduction (Table 4.2, Equation 2) followed by SO4 reduction (Table 4.2, Equation 3).  
Groundwater samples in Cluster A are chemically similar to surface waters, 
as indicated by the classification of all but one of the surface water samples into 
Cluster A. The only surface water sample that is not grouped in Cluster A was 
collected from Oaky Creek (OCk; Figure 4.4), and has a slightly different 
hydrochemical signature to the other surface water samples (Figure 4.9, Section 
‘Cluster B’). 
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Figure 4.11: Ion concentration (mg/L unless otherwise stated) plots for surface- and groundwater 
samples collected from the Cressbrook Creek catchment. Rainwater chemistries are based on 
weighted averages from Toowoomba (Crosbie et al. 2012), which is located approximately 50 km 
southwest of the study site. Seawater chemistries are from Appelo and Postma (2005). 
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Cluster B 
Samples assigned to Cluster B are characterised by brackish waters, with low K/Na 
ratios, elevated NO3 and high Cl concentrations relative to other anions (Figure 4.11 
and Table 4.1). The elevated NO3 is indicative of infiltration of rainfall and irrigation 
water in agricultural land. As discussed above, K concentrations are often related to 
dissolution of plant matter during infiltration of rainfall and irrigation, as well as ion 
exchange with clay minerals. Therefore, it appears as though groundwaters from 
Cluster B have had longer residence times than the waters in Cluster A and recharge 
from Cressbrook Creek is only a minor influence on the chemistry of these 
groundwaters.  
Samples assigned to Subcluster B1 include 13 alluvial waters, one bedrock 
water and interestingly, one surface water, suggesting that groundwater samples from 
this group may be interacting with surface water. However, Figure 4.9 shows that the 
chemistry of the OCk sample is different to other surface waters in the catchment, 
and it is more affected by water-rock interactions. Furthermore, the waters of 
Subcluster B1 generally contain much less K than those of Subcluster A2 (Subcluster 
A2 contains all eleven samples from Cressbrook Creek), indicating that the waters of 
Subcluster B1 have had minimal recent contact with vegetation and topsoil. 
Groundwater recharging Oaky Creek probably had longer residence times than the 
groundwater recharging Cressbrook Creek (slower/less quick-flow), resulting in: 1) 
lower Cl/(Cl+HCO3) ratios (Figure 4.9); and 2) lower K than the other surface waters 
(Figure 4.11 and Table 4.1), due to interactions with clay minerals.  
Subcluster B2 contains 18 alluvial groundwaters and one bedrock 
groundwater. These groundwaters have elevated NO3 concentrations compared to 
those in Subcluster B1 (Figure 4.11 and Table 4.1), which is indicative of diffuse 
infiltration of rainfall and irrigation water. Furthermore, groundwaters of this group 
are relatively saline (Figure 4.11 and Table 4.1), indicating that there has been 
considerable evapotranspiration during recharge. Subcluster B3 is the most saline 
group and it is characterised by Cl-type alluvial groundwaters (no dominant cation). 
This subcluster appears to be more reduced than Subcluster B1 and B2, as indicated 
by the elevated levels of Mn and moderate Fe concentrations. However, samples in 
Subcluster B3 have detectable, but low NO3, which should not be stable in such 
reduced waters; the detectable NO3 is probably the result of vertical redox 
stratification of groundwater (e.g. Massmann et al. 2008). The top of the aquifer is 
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probably more oxidised, whereas the base of the aquifer is likely to be more reduced, 
due to continued reduction by organic matter as groundwater moves to greater depths 
(Champ et al. 1979).  
4.4.5 Principal component analysis 
PCA is used to assess similarities and the degree of overlap between subclusters, and 
to further evaluate the hydrochemistry of the different groundwater chemistry 
groups. Principal Component 1 represents 39.6% of the total variance within the 
dataset (Table 4.3). It is associated with positive weightings for Ca, Mg, Cl and Na 
(i.e. ions that dominate high salinity water), and negative weightings of Fe and K. As 
previously mentioned, water samples from Cressbrook Creek (HCA Subcluster A2) 
are typically fresh and have high levels of K. On that basis, water that is chemically 
similar to the water of Cressbrook Creek should be negatively correlated to 
Component 1.  
 
Table 4.3: Component (Comp) weightings, Eigenvalues and percentage of explained variance of 
principal components. 
Comp 1 Comp 2 Comp 3 Comp 4 
Log10(Ca) 0.443 0.014 0.065 0.020 
Log10(Cl) 0.428 0.041 0.131 -0.030 
Log10(Fe) -0.019 0.484 -0.147 0.196 
Log10(HCO3) 0.279 -0.136 0.101 0.004 
Log10(K) -0.023 0.486 0.354 -0.266 
Log10(Mg) 0.437 0.060 0.123 -0.075 
Log10(Mn) 0.086 0.310 0.344 0.637 
Log10(Na) 0.430 -0.030 0.135 -0.104 
Log10(NO3) 0.250 -0.059 -0.549 -0.172 
pH 0.023 -0.493 0.456 -0.117 
Log10(SiO2) 0.256 -0.164 -0.353 0.525 
Log10(SO4) 0.169 0.367 -0.189 -0.387 
Eigenvalue 4.75 1.85 1.32 1.09 
Percentage of explained 
variance 39.6 15.4 11.0 9.1 
Cumulative Percentage of 
explained variance 39.6 55.0 66.0 75.1 
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Component 2 explains 15.4% of the total variance of the dataset (Table 4.3), 
and it is associated with positive weightings of K, Fe, SO4 and Mn, as well as the 
negative weightings for pH. Component 2 has a small positive correlation with 
reduced waters, which typically have detectible levels of Fe and Mn. However, 
strongly reduced groundwaters commonly have low Fe and SO4 associated with 
sulphate reduction and the potential formation of pyrite (Table 4.2, Equation 3). As a 
result, more reduced waters, such as those assigned to Subcluster A4, have a low 
Component 2 score. Component 2 is therefore an indicator for secondary ion 
concentrations (i.e. K, Fe, SO4 and Mn) and pH.  
Component 3 explains 11.0% of the total variance of the dataset (Table 4.3), 
and it is associated with positive weightings of K, Mn and pH as well as the negative 
weightings for NO3. Component 4 accounts for 9.1% of the total variance and it is 
associated with positive weightings of Mn and SiO2. The first four components 
explain 75.1% of the variability of the in the dataset.  
Figure 4.12 is a graphical representation of the PCA scores (Component 1 
and 2) in relation to the cluster membership, showing the controlling factors that 
characterise the seven subclusters. Samples assigned to Cluster A have a low 
Component 1 score, due to their low salinity, whereas the samples of Cluster B 
generally have higher Component 1 scores. Samples are generally grouped according 
to their HCA subclusters, with the exception of three samples from Subcluster B1, 
including the sample from OCk, which plot with the samples from Subcluster A4 due 
to their low Component 1 scores. These samples from Subcluster B1 are less saline 
than other samples from this group; however, the HCA grouped these samples 
together, because of similar relative proportions of chemical constituents.  
4.4.6 Spatial and temporal variability of water chemistry 
Spatial distribution of HCA groups prior to the 2011 flood 
Figure 4.13 summarises the distribution of subclusters prior to the 2011 flood event, 
by assigning each sample site to the subcluster that it was most frequently attributed 
to. Only one surface water site was sampled prior to the flood (CC3), and it was 
assigned to Subcluster A2. The only site from the upper part of the catchment is a 
shallow bedrock monitoring bore (B16) located close to the creek (Figure 4.13), 
which was assigned to Subcluster A4. In the middle of the catchment (Inserts 2 and 
3, Figure 4.13), groundwater samples from bores located close to the creek have been 
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assigned to Cluster A. In contrast, groundwaters from sites located on the floodplain 
further from the creek have been assigned to Cluster B. This appears to confirm 
earlier observations that samples assigned to Cluster A show a higher degree of 
hydraulic connection to surface water systems than the samples of Cluster B.  
 
 
Figure 4.12: PCA scores for samples from the seven subclusters that were obtained using HCA. 
 
There are a number of alluvial samples in Cluster A from east of 
Toogoolawah (top of Insert 4; Figure 4.13). However, monitoring bores located in 
the lowest part of the catchment (B83, B48 and B44; Figure 4.13), are members of 
Clusters B, which are, according to the HCA and the PCA, relatively unconnected to 
surface waters. This character suggests that the degree of connection between aquifer 
and the creek decreases with increasing distance downstream. 
Influence of rainfall on spatial distribution of the HCA groupings 
Figure 4.14 shows the distribution of subclusters following the 2011 flood. A number 
of sites were sampled for the first time in 2011, including most of the surface water 
sites and bedrock sampling locations, and bores screened in the alluvial aquifer in the 
upper catchment.  
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Figure 4.13: The most common HCA groupings for all sampling sites, excluding the results from 2011 
sampling event. The results of the 2009 sampling event were used at B20 and B90, because samples 
were spread equally between two groups, and the 2009 sampling event followed an extended drought, 
and this period will contrast with the 2011, post-flood sampling event. 
 
As noted, all samples collected from Cressbrook Creek are members of 
Subcluster A2. In contrast, a sample from Kipper Creek (KC1) is assigned to 
Subcluster A1, the same subcluster that includes the only bedrock site located nearby 
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(B546) and all samples collected from the alluvial aquifer in the vicinity of Kipper 
Creek (B76, B74 and B837; Insert 1, Figure 4.14). Field observations indicate that 
Kipper Creek is recharged by alluvial springs in the area surrounding KC1 and the 
HCA confirms the interpretation that Kipper Creek is recharged by baseflow from 
the alluvium in this part of the catchment. 
Although Cressbrook Creek is also likely to be receiving recharge from the 
alluvium near the confluence with Kipper Creek (Figure 4.14), the overall chemistry 
of Cressbrook Creek’s surface water (Subcluster A2) in this area is slightly different 
from the water in Kipper Creek and the surrounding alluvium, which suggests that 
most of the baseflow to Cressbrook Creek originates from a different source, 
probably located further upstream.  
In the middle of the catchment (Inserts 2 and 3; Figure 4.14), groundwater 
from bores located closest to the creek moved to Subcluster A3 following the flood, 
whereas bores located distal to the creek remained in the same HCA subcluster; this 
trend implies that the sites located close to the creek were preferentially recharged. A 
similar occurrence is evident immediately east of Toogoolawah (top of Insert 4; 
Figure 4.14), where groundwaters from some bores sited close to the creek also 
changed to Subcluster A3 post-flood. This change to Subcluster A3 is due to an 
increase in Fe, Mn and HCO3, and a decrease in Cl (i.e. at sites B21, B91, B36 and 
B33). The decrease in Cl is consistent with the influx of fresh flood water recharge, 
whereas the increase in Fe, Mn and HCO3 is consistent with the chemical reduction 
of Fe-oxides (Table 4.2, Equation 2) and Mn-oxides. As reported above, alluvial 
sand grains are coated with Fe- and Mn-oxides, which are distinguished by the 
orange/brown colouration. Recharging groundwater appears to have interacted with 
Fe- and Mn-oxides as water was flushed through sediments that were previously dry 
and therefore oxidised.  
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Figure 4.14: HCA clusters for the 2011 sampling event, which followed the flood event of January 
2011. The small black symbols in the centre of the larger coloured symbols represent the previous 
subcluster grouping from Figure 4.13. 
 
In the lower catchment, alluvial groundwaters are members of Cluster B, and 
are characterised by more saline water with low K/Cl ratios. This suggests that 
groundwater chemistry is less influenced by surface water recharge in these areas 
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than it is in the middle and upper parts of the catchment, even though some of these 
bores are located relatively close to Cressbrook Creek.  
Groundwaters collected from bedrock sampling sites in the mid to lower part 
of the catchment also appear to be more saline than those in the upper parts, which 
were assigned to Subclusters A1 and A4. As noted above, sample B103, from the 
mid to lower catchment (Figure 4.4), was a highly evolved groundwater, with a very 
distinct chemistry in comparison to the other samples analysed during this study; it 
was therefore omitted from this analysis after it was identified as an outlier using the 
nearest neighbour method (Section 4.5.4). Other bedrock samples in the mid to lower 
catchment, namely B251 (Insert 2, Figure 4.14) and B229 (Insert 4, Figure 4.14), are 
less saline than B103, but more saline than samples in the upper part of the 
catchment, as is evident by their inclusion into Cluster B. Groundwater salinities in 
the bedrock appear to increase with distance downstream and sites located close to 
the creek appear to be less saline than those located further away from the creek. 
Bedrock groundwater is relatively fresh in the headwaters of the catchment, probably 
due to rapid recharge via the fractures of the relatively unweathered, outcropping 
bedrock. 
Temporal variability of the HCA groupings  
The hydrochemical evolution of three bores (B89, B90 and B83) with multiple 
sampling records is displayed in Figure 4.15 using the PCA in order to better 
understand the changes in HCA groupings over time. Two of the groundwater 
monitoring sites shown in Figure 4.15 (sites B89 and B90) are located adjacent to 
each other in the middle of the catchment approximately 130 m and 320 m from the 
creek, respectively (Insert 2, Figure 4.14). The salinity at B90 increases significantly 
during the drought, as displayed by the increase in the Principal Component 1 score. 
In contrast, the salinity at B89 only increases by a small amount, presumably due to 
the continued interaction and recharge from the creek. Hydrochemical variations at 
B89 are marked primarily by changes in the component 2 scores, due to changes in 
the proportion of minor ions and pH.  
Site B83 is located in the lower part of the catchment, around 120 m from 
Cressbrook Creek, which is approximately the same distance from the creek as 
sampling site B89 (130 m from the creek). However, groundwater salinity at B83 
increases significantly during the drought, similar to groundwater at site B90; this 
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implies that there was a lack of diffuse rainfall recharge and only limited lateral 
propagation of groundwater recharged from the creek (discussed more in Section 
4.5.7). In contrast to the response at B90, the salinity decreases markedly at B83 
following the flood, indicating that the alluvial aquifer is indeed recharged by the 
creek in the lower catchment.  
 
 
Figure 4.15: Time series of analyte weights at three alluvial groundwater sites. B89 and B90 are 
located in the middle of the catchment and B83 is located in the lower part of the catchment. The year 
of sampling is in parentheses. 
 
An interesting observation is the increase in salinity at B89 following the 
flood (Figure 4.15). A possible explanation could be the reversal of groundwater 
flow direction and the effects of bank storage. A rapid rise in stream levels can cause 
water to move out into the streambanks, which can then seep back into the stream 
when surface water levels subside (Winter 1999). Water level observations from B89 
and B90 confirm that the creek changed from losing to gaining following the flood. 
Therefore, the increased salinity at B89 is probably due to the ingress of more saline 
water from the outer edge of the alluvium (i.e. such as the groundwater at B90).  
4.4.7 Conceptual hydrogeological model 
Integrating the hydrogeochemical assessments into the 3D geological model provides 
a framework within which hydrological processes can be related to their controls in 
an efficient way. Water samples from Cressbrook Creek are characteristically fresh, 
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and have elevated HCO3/Cl and K/Na ratios. Cluster A contained groundwater 
samples that are chemically similar to creek waters. Groundwater samples assigned 
to this cluster were confirmed as sites where: 1) significant groundwater/surface 
water interaction occurs; or 2) groundwater is recharged rapidly, for example, in the 
upper catchment where highly permeable coarse-grained sediments dominate. 
The study showed that there are different zones with distinct hydrochemical 
composition:  
• In the upper catchment, streams are recharged locally by discharging alluvial 
groundwater, and surface water chemistry is similar to alluvial groundwater 
(i.e. high HCO3/Cl and K/Na ratios). 
• In the middle part of the catchment, groundwater close to the creek is fresh 
and chemically similar to surface water, but groundwater collected distal to 
the creek is more saline and has lower HCO3/Cl and K/Na ratios. 
• In the lower catchment, alluvial groundwater is generally more saline, and 
HCO3/Cl and K/Na ratios are much lower than elsewhere in the catchment. 
Salinity increased during the drought, but it decreased markedly following the 
flood in 2011.  
The alluvial aquifer appears to be dependent on flooding and high flow events 
to provide recharge and to maintain good groundwater quality, particularly in the 
lower part of the catchment. The significant role of flooding as a recharge 
mechanism is likely to be consistent with other alluvial catchments in similar 
climatic settings (i.e. dry climates with drought/flood cycles). This increased rate of 
recharge during the flood is probably due to a combination of: (1) the enhanced 
permeability of the creek bed during the flood, due to scouring of the clogging layer 
by high velocity flows (e.g. Cendón et al. 2010; Simpson and Meixner 2012); (2) the 
enlarged pathway between surface- and groundwater, due to the increased width of 
the creek and the saturated zone beneath it (e.g. Lange 2005); and (3) the increased 
head gradient between the creek and the stream (e.g. Rushton and Tomlinson 1979). 
Overall, groundwater chemical composition was found to be less influenced 
by surface water in the lower part of the catchment, possibly due to the greater 
thickness and sealing capacity of the low permeability upper layer in this area. This 
thick, low permeability layer probably restricts the rate of recharge, allowing for 
greater evapotranspiration as rain and irrigation water infiltrate the unsaturated zone. 
However, other processes such as the seepage of groundwater from the underlying 
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bedrock due to lowered groundwater levels in the alluvial aquifer may also 
contribute to the observed increase in salinity. In order to examine recharge 
processes in more detail, a follow-up study will assess evidence from environmental 
tracers such as δ2H, δ18O, 87Sr/86Sr, 3H and 14C to specifically identify alluvial 
recharge from the underlying bedrock. 
4.5 CONCLUSIONS 
The 3D geological model developed in this study for the catchment of Cressbrook 
Creek, southeast Queensland, Australia, effectively displays the geomorphological 
variability and the character of the alluvial material within this catchment, and 
greatly enhances the understanding of the hydrogeological framework. The 
multivariate statistical analysis (Hierarchical Cluster Analysis and Principal 
Component Analysis) approach used in this investigation is capable of integrating 
large chemical datasets into systematic and accessible formats. Such data can then be 
readily visualised and assessed to help develop knowledge of the spatial and 
temporal variability of groundwater and surface water chemistry and its controls. 
Time series data were included and displayed in the Principal Component Analysis 
(PCA), enabling hydrochemical trends to be identified in a similar fashion to 
standard graphical techniques, such as Piper and Stiff diagrams. However, a benefit 
of PCA is that it can include more variables, and so it can be used to identify subtle 
hydrochemical changes that might not be captured by standard graphical methods. 
This method was found to be of value when considering the transition from drought 
to flood and post-flood conditions. The application of these complementary methods 
to the setting confirms that they can be used to realistically understand hydrological 
processes and controls. 
In this catchment, the alluvial groundwater is generally of good quality in the 
upper parts, where the chemical composition is similar to surface waters (i.e. high 
K/Na and HCO3/Cl ratios). With distance down the drainage system, alluvial 
groundwater salinities progressively increase, particularly in areas that are distal to 
the creek. This general pattern of increasing salinity and changes in chemical 
character are linked to the thickness of the low permeability upper layer of the 
alluvium in the lower catchment, which, as the 3D geological model demonstrates, 
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substantially thickens down-gradient, and acts as a seal that limits diffuse 
groundwater recharge.   
After severe flooding in 2011, which was accompanied by a substantial 
increase of alluvial groundwater levels, alluvial groundwater salinities decreased 
significantly, especially in the lower parts of the catchment where groundwater 
salinities had gradually increased during the persistent drought. This significant 
change of groundwater levels and groundwater salinities in many parts of the 
catchment highlights the significance of flooding as an important recharge 
mechanism and control of groundwater quality within the alluvial aquifers of 
Cressbrook Creek. This condition is probably consistent with other alluvial 
catchments in climatic settings dominated by drought and flood cycles, and the 
approach used in this study can be transferred to other similar settings to study the 
influence of episodic climatic events and catchment geomorphological characteristics 
on groundwater recharge and chemistry.  
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Aims of Paper 2 
Paper 2 uses environmental isotopes and a comprehensive assessment of 
hydrochemistry to assess hydrological processes within the alluvium of Cressbrook 
Creek. Particular attention is given to the assessment of flood-induced recharge and 
the identification of bedrock seepage to the alluvium. This paper further advances the 
understanding of hydrological processes that was developed in Paper 1, and it 
provides a framework for the application of recharge estimation techniques 
(Paper 3). 
 
Abstract  
An understanding of hydrological processes is vital for the sustainable management 
of groundwater resources, especially in areas where an aquifer interacts with surface 
water systems or where aquifer-interconnectivity occurs. This is particularly 
important in areas that are subjected to frequent drought/flood cycles, such as the 
Cressbrook Creek catchment in southeast Queensland, Australia. In order to 
understand the hydrological response to flooding and to identify inter-aquifer 
connectivity, multiple isotopes (δ2H, δ18O, 87Sr/86Sr, 3H and 14C) were used in this 
study in conjunction with a comprehensive hydrochemical assessment, based on data 
collected six months after severe flooding in 2011. The relatively depleted stable 
isotope signatures of the flood-generating rainfall (δ2H: -30.2 to -27.8‰, δ18O: -5.34 
to -5.13 ‰ VSMOW) were evident in surface water samples (δ2H: -25.2 to -23.2‰, 
δ
18O:   -3.9 to -3.6‰ VSMOW), indicating that these extreme events were a major 
source of recharge to the dam in the catchment headwaters. Furthermore, stable 
isotopes confirmed that the flood generated significant recharge to the alluvium in 
the lower part of the catchment, particularly in areas where interactions between 
surface waters and groundwater were identified and where diffuse aquifer recharge is 
normally limited by a thick (approximately 10 m) and relatively impermeable 
unsaturated zone. However, in the upper parts of the catchment where recharge 
generally occurs more rapidly due to the dominance of coarse-grained sediments in 
the unsaturated zone, the stable isotope signature of groundwater resembles the 
longer-term average rainfall values (δ2H: -12.6, δ18O: -3.4‰ VSMOW), highlighting 
that recharge was sourced from smaller rainfall events that occurred subsequent to 
the flooding. Interactions between the bedrock aquifers and the alluvium were 
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identified at several sites in the lower part of the catchment based on 87Sr/86Sr ratios; 
this was also supported by the hydrochemical assessment, which included the 
modelling of evaporation trends and saturation indices. The integrated approach used 
in this study facilitated the identification of hydrological processes over different 
spatial and temporal scales, and the method can be applied to other complex 
geological settings with variable climatic conditions. 
 
Keywords: Groundwater/surface water interactions, inter-aquifer connectivity, 
hydrochemistry, isotopes, groundwater recharge 
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5.1 INTRODUCTION 
Alluvial aquifers are natural reservoirs of groundwater, buffering baseflow in 
river systems and providing a reliable water supply during drier climatic phases 
(Winter et al., 1998). Moreover, interactions between alluvial aquifers and their 
connected streams are essential for the maintenance of healthy surface water and 
groundwater ecosystems (Boulton et al., 1998; Hancock et al., 2005; Boulton et al., 
2010; Anibas et al., 2012). Sustainable management of these alluvial aquifers is 
critical, but to enable this, a good understanding of recharge processes is required, 
together with an appreciation of the different groundwater sources and the spatial 
variability of this recharge (Hrachowitz et al., 2011; Dogramaci et al., 2012). 
While it is generally recognised that recharge is variable over time, the 
influence of episodic climatic events such as flooding are not very well understood. 
This is particularly the case in alluvial aquifers where total recharge is often 
dominated by flood-related influxes (e.g. Workman and Serrano, 1999). In these 
alluvial systems, recharge rates are commonly elevated during floods, as a result of: 
(1) the enhanced permeability of the creek-bed during the flood, due to scouring of 
the clogging layer by high velocity flows (e.g. Cendón et al., 2010; Simpson and 
Meixner, 2012); (2) enlarged pathway between surface-and groundwater, due to the 
increased width of the creek and the interface between groundwater and the creek 
across which interaction can occur (e.g. Lange, 2005); and (3) the increased head 
gradient between the creek and the stream (e.g. Rushton and Tomlinson, 1979). 
Owing to this reliance on infrequent flooding and large rainfall events, alluvial 
aquifers are likely to be severely impacted by the predicted changes in climatic 
patterns, such as the projected increased frequency and severity of droughts and 
floods (Parry et al., 2007). This forecasted climate change will impact on river flows 
(Arnell and Gosling, 2013) and groundwater recharge processes (Green et al., 2011; 
Barron et al., 2012; Dawes et al., 2012). This is particularly relevant for alluvial 
systems which are connected to ephemeral or intermittent streams, as interactions 
between these streams and the alluvial aquifers are highly dependent on antecedent 
rainfalls (Hughes et al., 2011).  
The study area is a small subtropical catchment in southeast Queensland, 
Australia, which was subject to severe climate extremes in recent years, including an 
extended drought from the late 1990s through to approximately 2009, followed by 
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heavy rains, which culminated in a 1% annual exceedance probability (AEP) flood in 
January 2011 (Babister and Retallick, 2011). This event provided a unique 
opportunity to study groundwater recharge processes that result from episodic 
flooding.  
Seepage to the alluvium from the underlying bedrock aquifers is potentially 
an important source of recharge for the alluvium, but this process has not been 
verified. The influx of poor quality groundwater, which is often associated with 
bedrock aquifers, may negatively impact on the water-quality of the alluvial aquifer. 
Therefore, it is important to identify and monitor areas where bedrock seepage 
occurs.  
The objective of this study is to demonstrate how multiple environmental 
isotopes (δ2H, δ18O, 87Sr/86Sr, 3H and 14C) in combination with a comprehensive 
hydrochemical assessment can be applied to: (1) assess the significance of floods as a 
major recharge source; (2) identify recharge processes and connectivity between 
surface water and groundwater; and (3) identify areas where the alluvium is 
recharged by the underlying highly diverse bedrock (inter-aquifer connectivity). 
Multiple isotopes are increasingly being used to identify inter-aquifer connectivity 
(e.g. Dogramaci and Herczeg, 2002; Raiber et al., 2009, Cartwright et al., 2010a, 
2012; Costelloe et al., 2012;; Baudron et al., 2014); nevertheless, studies of this kind 
are still challenging due to the complexity of the hydrochemical interactions that 
result from inter-aquifer groundwater flows. 
Many studies have used surface- and groundwater compositions (i.e. isotopes, 
and major and minor ions) to report on the connection between streams and alluvial 
groundwater (e.g. Soulsby, 2007; Barrett et al., 1999; Kirchner et al., 2010; Mandal 
et al., 2011; Morgenstern et al., 2010; Siwek et al., 2011; Négrel and Petelet-Giraud, 
2005). However, studies that use isotopes and hydrochemistry to assess the 
connectivity between alluvial aquifers and intermittent or ephemeral streams (e.g. 
Kumar et al., 2009; Vanderzalm et al., 2011), or report specifically on the effects of 
episodic groundwater recharge from flooding (e.g. Cartwright et al., 2010b; Cendón 
et al., 2010; Simpson et al., 2013) are less common. This study uses groundwater 
stable isotopes together with a detailed assessment of δ2H and δ18O in rainfall to 
assess eposodic recharge. Rainfall isotope time-series data are commonly used to 
assess long-term trends in groundwater recharge (e.g. Zhu, et al. 2007, Praamsma et 
al. 2009); however, they are rarely applied to assess event recharge of shallow 
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aquifers (e.g. Scholl et al. 2004;  Gleeson et al. 2009). The value of considering time-
series data of rainfall stable isotopes in hydrogeological investigations is clearly 
demonstrated by this study, and the outcomes will be important for the management 
of the alluvial groundwater resources of the study area and for understanding flood-
related processes in similar alluvial settings. 
5.2 HYDROGEOLOGICAL SETTING 
The Cressbrook Creek catchment covers an area of approximately 200 km2 in 
southeast Queensland, Australia. The area considered for this study extends from the 
Cressbrook Dam in the headwaters to the confluence with the Brisbane River in the 
northeast; it excludes the area up-gradient of Cressbrook Dam, which is a drinking 
water supply dam for the Toowoomba City Council (Figure 5.1). The 
topographically elevated areas in the southwest of the catchment (ranging from 220 
to 520 m Australian Height Datum, AHD) are forested and mostly undeveloped, 
whereas alluvial plains along the drainage system host rich farm land (>90% of the 
total alluvium by area), particularly in the lower part of the catchment to the 
northeast (approximately 70 to 150 m AHD). In this part of the catchment, irrigators 
use up to 3 GL of alluvial groundwater annually (DNRM, 2012), but groundwater 
abstraction is often restricted due to low groundwater levels. With the construction of 
Cressbrook Dam in 1983, flow in Cressbrook Creek was further reduced, resulting in 
lower groundwater levels. While water was initially released from the dam to 
recharge the alluvium, releases were controversially phased out in the late 1990s due 
to drought-induced water shortages. 
In this study, the catchment has been arbitrarily divided into four regions for 
ease of discussion: the Catchment Headwaters, the Upper Catchment, the Mid 
Catchment and the Lower Catchment (Figure 5.2). 
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Figure 5.1: Cressbrook Creek catchment in southeast Queensland, located approximately 80 km 
northwest of Brisbane and within the upper Brisbane River catchment. 
 
 
 
 
 
Figure 5.2: Geology, topography and surface drainages of the Cressbrook Creek catchment (viewed 
from the east). 
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5.2.1 Climate and surface water drainage 
Southeast Queensland is a subtropical region with hot, humid summers and dry, mild 
winters. The average annual rainfall at Toogoolawah in the lower part of the 
catchment (Figure 5.3) is 847 mm, although total annual rainfall can be highly 
variable, ranging from 366 to 1418 mm between 1909 and 2011 (Station number 
040205; BOM, 2012). However, even in wet years the diffuse recharge is limited by 
high evapotranspiration rates, with mean annual pan evaporation rates of 1809 mm 
measured at Gatton (Figure 5.1), located about 25 km to the south of the study area 
(Harms and Pointon, 1999).  
This climatic variability has been particularly evident in recent years, when 
below average rainfall from 2000 to 2009 resulted in very low creek flow, especially 
from mid-2006 until early 2008 when flow in the creek ceased completely (Figure 
5.4b). Due to that extended drought, water levels at Cressbrook Dam in the 
headwaters of the catchment (Figure 5.2) did not reach the overflow in the period 
between 1999 and early 2011, and there was no flow from the dam to the creek. 
Despite the lack of outflow from the dam, intermittent flow was recorded in 
Cressbrook Creek during this period of time (Figure 5.4b), indicating that the creek 
was recharged by both overland and groundwater contributions along its course. The 
period of drought was then followed by two wet years (2010 and 2011), culminating 
in significant flooding in January 2011 (Figure 5.4b), approximately five months 
prior to the sampling conducted during this study. As a result of this flooding, 
Cressbrook Dam reached the overflow and discharged to Cressbrook Creek until 24 
June 2011, with peak flows of approximately 330 m3 s-1. During the surface water 
sampling campaign (7–8 June 2011), approximately 0.5 m3 s-1 was discharging from 
Cressbrook Dam (Toowoomba Regional Council, 2012) and Cressbrook Creek was 
flowing at approximately 0.7 m3 s-1 at CC3 (Figure 5.3; DNRM, 2013), indicating 
that the majority of flow in Cressbrook Creek was probably derived from the dam 
during this period.  
Groundwater hydrographs show that during the peak of the drought in 2008, 
groundwater levels had dropped to approximately 4 to 5 m below the base of the 
creek in the Lower Catchment. Additionally, the groundwater gradient in the Lower 
Catchment indicated that the creek was losing during this drought period. However, 
groundwater levels recovered following the flooding and heavy rain in 2010 to 2011. 
Subsequent to the flood, the groundwater gradient reversed and Cressbrook Creek 
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became a gaining stream in the Mid to Lower Catchment (Figure 5.3), suggesting 
that groundwater gradients between the alluvial aquifer and stream are dynamic and 
dependent on the antecedent rainfall conditions. However, it is apparent that the 
alluvium receives substantial recharge from Cressbrook Creek in the Mid to Lower 
Catchment (King et al., 2014).  
 
 
 
Figure 5.3: Location of sampling sites, and catchment-wide distribution of specific conductance (SC) 
and hydrochemical facies distribution (in parentheses Section 5.5.1) in the Cressbrook Creek 
catchment.   
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Figure 5.4: a) Groundwater and stream hydrograph from the flood period; b) Annual rainfall (BOM 
2012) for the Cressbrook Creek catchment and annual stream discharge at CC3 (Stream gauge 
143921A; DNRM 2012). Also shown is time of sampling. 
 
5.2.2 Geology 
Bedrock 
The alluvial aquifer system of Cressbrook Creek overlies bedrock of variable 
geology, with volcanic rocks, metamorphic rocks and granodiorite prominent in the 
upper part of the catchment (Figure 5.2 and Figure 5.3). Basaltic rocks are 
particularly prominent in the Upper Catchment, whereas the bedrock in the Mid to 
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Lower Catchment is composed mainly of the Mesozoic sedimentary rocks of the Esk 
Formation. Primary porosities of these bedrock units are generally low, but 
permeabilities are enhanced in some regions by weathering of granodiorites and 
fracturing in other rocks (GSQ & IWSC, 1973).  
The Esk Formation underlies many of the alluvial sampling sites in the Mid 
to Lower Catchment (Figure 5.3), and has a broad range of sedimentary strata and 
grain sizes (Cranfield et al., 2001). Geological borehole logs (DNRM, 2012) confirm 
that this formation is very heterogeneous, with clayey sandstones, feldspathic 
sandstones, shale and basalt, all recorded at shallow depths within the Mid to Lower 
Catchment.  
 
Table 5.1: Geological description of bedrock hydrochemical sampling sites (DNRM, 2012). 
ID DNRM Aquifer 
Description 
DNRM Aquifer 
Interpretation 
Inferred Aquifer Depth of well 
(m below ground 
level) 
B16 Conglomerate Esk Fm Esk Fm 10.0 
B92 Alluvium (0.4 m) 
Sandstone (2.6 m) 
Alluvium 
Esk Fm 
Both alluvium and the 
Esk Fm 
14.2 
B158 Alluvium (2.0 m) 
Sandstone (1.0 m) 
Alluvium 
Esk Fm 
Both alluvium and the 
Esk Fm 
13.6 
B103 Sandstone Esk Fm Esk Fm 24.7 
B229 No Record No Record Esk Fm >50.0 
B256 Basalt and shale No Record Pinecliff Fm 40.5 
B546 Basalt No Record Pinecliff Fm 68.6 
B104 Granite No Record Eskdale Igneous 
Complex 
64.0 
B251 Shale No Record Maronghi Creek Beds 49.5 
Note: The screened (slotted) section is 3 m long at B92 and B158. The values in parentheses in 
column 2 represent the length of the screened section that is encompassed by each geological material.  
 
Alluvium 
The alluvial system at Cressbrook Creek is characterised by fining-upwards 
sequences, which typically consist of basal sands and gravels, overlain by silts and 
clays. Minor carbonate veins have been identified within granodiorites (Zahawi, 
1972). However, their contribution to the alluvium, if any, has not been detected in 
X-ray diffraction (XRD) analyses of sediments collected from Lake Wivenhoe, 
which is located downstream of the confluence with the Cressbrook Creek and the 
Brisbane River (Figure 5.1). In addition, no carbonate was detected in the weathered 
granodiorite profile (Douglas et al., 2007) as any potential carbonate particles are 
likely to dissolve. This apparent lack of carbonates implies that radiocarbon dating of 
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alluvial groundwaters is unlikely to be significantly affected by interactions with 
carbonate minerals.  
King et al. (2014) describe this complex, multi-layered alluvial system as a 
two-layer system based on sediment grain size assessment. The basal coarse-grained 
layer consists mostly of sands and gravels, whereas the upper low permeability layer 
is primarily composed of fine-grained sediments such as silts and clays. This fining 
upwards sequence is characteristic of many alluvial systems in eastern Australia (e.g. 
Cendón et al., 2010; Cox et al., 2013), largely due to diminishing surface water flows 
in the late Quaternary (Knighton and Nanson, 2000; Maroulis et al., 2007; Nanson et 
al., 2008). The thickness of the low permeability layer increases with distance 
downstream, whereas the thickness of the basal high permeability layer decreases 
down-gradient; these variations suggest that there is probably less recharge in the 
lower parts of the catchment compared to the upper parts. 
5.3 WATER SAMPLING AND ANALYTICAL METHODS 
Surface and groundwater samples were collected in June and September 2011 from 
eight surface water sites, 18 bores screened in the alluvial aquifer and eight bedrock 
bores. In addition, two samples were collected from bores where the screened 
intervals (slotted section of casing) encompass both the lower 1 – 2 m of the 
alluvium and the top 1 – 2 m of the bedrock (B92 and B158); these sites are 
categorised as “bedrock sites” (Figure 5.3). Alluvial boreholes are less than 20 m 
deep and they usually have a 3 m long screened section at the base of the alluvium, 
whereas bedrock boreholes are generally deep, except for three shallow bores 
screened in the Esk Formation (Table 5.1).  
Prior to sampling, three well volumes were pumped from the boreholes and 
the specific (electrical) conductance (SC), temperature, redox potential (Eh) and pH 
were monitored using a flow cell to ensure that these parameters had stabilised prior 
to sampling. Field measurements were taken with a TPS 90 FL field meter, which 
was calibrated in accordance with the manufacturer’s specifications prior to use.   
5.3.1 Major and minor ions 
Samples for major and minor cations (Na, K, Ca, Mg, Fe, Mn, Al and Sr) were 
collected in acid-cleaned 125 mL HDPE (High Density Polyethylene) bottles and 
acidified to approximately pH 2 using HNO3. Cations were analysed at Queensland 
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University of Technology (QUT) by inductively coupled plasma optical emission 
spectroscopy (ICP-OES). Samples for major anion analyses (Cl, NO3, SO4 and 
HCO3,) were collected in pre-rinsed 250 mL HDPE bottles, with no further treatment 
until analysis, which was performed at QUT using an automated discrete analyser 
(Seal AQ2), ion chromatography (Dionex ICS-2100) and by manual titration for 
alkalinity.  
5.3.2 Isotopes 
Stable isotopes (δ2H and δ18O) of groundwater and surface water were analysed 
using a Los Gatos Liquid Water Isotope Analyzer at the University of New South 
Wales (after Lis et al., 2008). The δ13C of dissolved inorganic carbon (DIC) was 
analysed at GNS Science (New Zealand). Strontium isotopes were analysed using 
multi collector-inductively coupled plasma mass spectrometry (MC-ICP-MS) at the 
University of Melbourne following the methods described by Hagedorn et al. (2011). 
The internal precision (2se) and external precision (2sd) for the MC-ICP-MS 
procedure is ~±0.000020 and ±0.000040, respectively. Tritium and radiocarbon were 
analysed at the Australian Nuclear Science and Technology Organisation (ANSTO). 
For 14C analysis, the total DIC was converted to CO2 using a custom built extraction 
line. The CO2 sample was then graphitised, graphite targets were analysed by AMS 
at ANSTO´s STAR accelerator following procedures of Fink et al. (2004). 
Conventional radiocarbon ages were reported as percentage Modern Carbon (pMC) 
with 1σ errors of less than 0.37 pMC (Stuiver and Polach, 1977). Samples for 3H 
analysis were distilled and electrolytically enriched, and subsequently analysed using 
a liquid scintillation counter. Results are reported in tritium units (TU) with an 
uncertainty of ±0.04 to 0.08 TU and quantification limits of 0.13 TU.  
Rainfall from Brisbane Airport was collected as a monthly composite of daily 
rain gauge samples, following the technical procedure recommended for GNIP 
sampling (http://www-naweb.iaea.org/napc/ih/documents/userupdate/sampling.pdf.). 
Samples from June to October 2010 were analysed by Isotope Ratio Mass 
Spectrometry at the CSIRO Land and Water Isotope Lab (Adelaide) (reported 
accuracy of ±1.0 and ±0.15‰ for δ2H and δ18O, respectively) or Alberta Innovates 
Technology Futures Isotope Hydrology and Geochemistry Lab (reported accuracy of 
±1.0, ±0.2‰ for δ2H and δ18O, respectively). Samples from November 2010 to June 
2011 were analysed at the ANSTO Institute for Environmental Research using a 
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Cavity Ring-Down Spectroscopy method on a Picarro L2120-I Water Analyser 
(reported accuracy of ±1.0 and ±0.2‰ for δ2H and δ18O, respectively). 
5.3.3 Geochemical calculations 
Evaporation curves and saturation state calculations were performed using 
PHREEQC (Parkhurst and Appelo, 1999). Evaporation curves were calculated under 
the assumption that calcite, dolomite and gypsum precipitate when they reach 
saturation and are not re-dissolved. Mineral stability diagrams were calculated after 
Drever (1997), using groundwater analyses collected as part of this study.  
5.4 RESULTS 
5.4.1 Hydrochemistry 
Surface waters are generally fresh (SC <850 µS cm-1; Table 5.2) with similar 
proportions of major cations (Na, Ca and Mg; Figure 5.5). The major anions are Cl 
and HCO3 and the Cl/HCO3 molar ratio of water from Cressbrook Creek ranges 
from 0.92 to 1.35, with ratios generally increasing with with distance downstream. 
Alluvial groundwaters are fresh to brackish (SC 369 to 5930 µS cm-1) with no clear 
dominant major cations and low SO4 concentrations, with SO4/Cl molar ratio ranges 
from 0.001 to 0.21. The Cl/HCO3 molar ratio ranges from 2.9 to 33.9, with ratios 
increasing with salinity. The hydrochemistry of the bedrock groundwaters is highly 
variable, although the Na/Cl ratio is generally higher than in alluvial waters (Figure 
5.6).  
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Figure 5.5: Piper diagram showing hydrochemical facies (HF) for surface and groundwater samples 
collected in the Cressbrook Creek catchment. The green and grey arrows show divergent evolutionary 
pathways.
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Table 5.2: Hydrochemical data for surface and groundwater samples from Cressbrook Creek catchment. 
Sampling 
Site 
Date Geology Sub-
catchment 
Depth to 
base of 
casing (m) 
HF 
facies 
pH SC 
(µS cm-1) 
Eh 
(mV) 
Na 
(mg/L) 
K 
(mg/L) 
Mg 
(mg/L) 
Ca 
(mg/L) 
Mn 
(mg/L)  
Fe 
(mg/L)  
Sr 
(mg/L) 
Cl 
(mg/L) 
SO4 
(mg/L) 
HCO3 
(mg/L) 
CO3 
(mg/L) 
NO3-N 
(mg/L) 
SiO2 
(mg/L) 
%CBE 
B157 15/06/2011 Alluvium Lower 7.2 4 6.4 1145 80 57 11.1 28 67 0.58 7.00 0.38 284 41.4 59.2 0.01 1.26 38.7 -8.6 
B18 14/06/2011 Alluvium Mid 9.5 5 6.7 4140 -55 460 2.1 141 194 1.20 5.30 1.11 1122 19.1 310.6 0.14 0.19 39.1 5.3 
B21 14/06/2011 Alluvium Mid 13 2 6.7 720 -180 51 1.2 27 49 1.10 1.40 0.25 106 42.0 206.0 0.07 0.17 35.3 -2.9 
B33 14/06/2011 Alluvium Lower 10.4 2 6.7 492 -21 40 1.3 15 27 0.81 0.45 0.16 86 10.8 140.3 0.05 0.10 27.2 -6.2 
B36 14/06/2011 Alluvium Lower 15.2 3 6.3 651 42 39 1.8 20 42 0.23 0.53 0.34 152 4.5 100.8 0.01 0.09 43.8 -4.7 
B37 22/06/2011 Alluvium Lower 9.4 4 7.2 4750 -330 360 22.0 321 630 0.31 0.20 4.22 2663 17.4 182.1 0.26 11.68 37.4 -3.4 
B44 19/09/2011 Alluvium Lower 12.8 3 7.0 708 35 51 0.6 29 55 0.02 0.32 0.38 183 13.0 145.3 0.09 3.07 49.4 -4.2 
B51 8/06/2011 Alluvium Lower 13.7 5 6.7 5930 -60 690 1.6 228 231 0.05 8.80 3.71 1711 43.9 699.0 0.32 0.98 42.6 -0.3 
B57 19/09/2011 Alluvium Lower 14.7 4 6.8 1251 -160 73 0.8 55 110 0.06 2.20 0.8 384 18.9 122.6 0.06 3.01 48.1 -1.2 
B74 7/06/2011 Alluvium Upper 7.9 2 6.6 587 45 44 1.9 26 35 0.04 0.00 0.25 82 46.4 158.8 0.04 2.99 26.3 -2.4 
B76 21/06/2011 Alluvium Upper 8.0 2 6.6 369 -60 36 1.3 19 28 0.04 0.00 0.19 83 13.8 157.9 0.04 0.29 30.8 -7.4 
B82 15/06/2011 Alluvium Lower 14 3 6.7 1110 170 70 1.1 38 66 0.55 0.00 0.44 297 36.4 177.1 0.06 0.89 34.0 -12.0 
B83 15/06/2011 Alluvium Lower 9.5 4 6.3 1422 180 74 1.0 49 90 0.16 0.00 0.68 344 3.9 125.2 0.02 4.96 49.8 -2.0 
B89 8/06/2011 Alluvium Mid 12.3 3 6.4 938 -25 50 1.3 41 66 0.61 2.10 0.37 203 40.8 173.9 0.03 0.03 31.7 -3.0 
B90 14/06/2011 Alluvium Mid 9.4 5 6.5 1880 130 150 1.2 68 100 0.00 0.00 0.83 491 30.5 169.6 0.04 3.68 48.8 -1.2 
B91 21/06/2011 Alluvium Mid 11.5 2 6.8 468 -60 47 1.8 22 35 0.89 11.00 0.21 111 27.9 136.3 0.05 0.42 29.7 -3.3 
B93 8/06/2011 Alluvium Lower 16.5 3 6.4 1082 -5 65 1.9 42 67 2.10 3.70 0.43 266 20.8 131.8 0.02 0.10 35.9 -2.3 
B837 21/06/2011 Alluvium Upper 15.8 3 6.5 454 26 37 0.9 26 40 0.00 0.00 0.25 92 41.4 103.6 0.02 2.78 35.1 3.5 
B158 14/06/2011 Both Alluvium & 
Bedrock 
Lower 13.6 5 6.4 2770 110 260 1.1 79 150 0.04 0.00 1.15 785 12.3 250.0 0.05 0.17 40.9 -2.3 
B92 15/06/2011 Both Alluvium & 
Bedrock 
Lower 14.2 1 6.4 403 -47 29 1.5 10 18 0.36 22.00 0.16 40 5.0 133.9 0.02 0.03 44.3 -5.9 
B103 15/06/2011 Bedrock Lower 24.7 5 6.5 13750 -60 1350 3.4 555 650 0.58 0.00 10.3 4415 193.9 679.6 0.30 0.02 29.9 -1.0 
B104 19/09/2011 Bedrock Upper 64 1 7.3 437 210 42 1.5 17 43 0.00 0.05 0.12 34 2.5 287.7 0.38 0.38 64.8 -3.3 
B16 15/06/2011 Bedrock Upper 10 2 7.0 614 -61 38 1.9 21 37 0.41 0.94 0.23 99 14.8 143.5 0.08 0.24 37.9 -1.7 
B229 21/06/2011 Bedrock Lower >50 1 7.4 787 -15 120 0.5 20 59 0.05 0.00 0.84 190 4.1 279.3 0.46 0.11 42.3 -1.2 
B251 16/06/2011 Bedrock Mid 49.5 1 7.3 898 150 67 0.7 43 120 0.02 0.00 0.34 127 37.7 516.8 0.63 0.42 30.4 -1.8 
B256 21/06/2011 Bedrock Upper 40.5 1 7.0 501 115 79 5.4 18 31 0.00 0.00 0.18 90 2.9 320.3 0.18 0.19 58.8 -8.5 
B546 21/06/2011 Bedrock Upper 68.6 2 6.4 497 25 49 3.1 20 49 0.17 0.00 0.35 104 62.9 158.4 0.03 1.33 29.7 -4.8 
CC1 7/06/2011 Surface Water Upper N/A 2 7.0 295 75 22 2.7 13 18 0.03 0.32 0.11 49 12.4 86.6 0.05 0.16 15.8 -1.6 
CC2 7/06/2011 Surface Water Mid N/A 2 7.5 356 110 25 2.3 15 20 0.02 0.32 0.12 59 10.0 110.3 0.20 0.17 17.8 -4.9 
CC4 8/06/2011 Surface Water Mid N/A 2 7.6 415 120 29 2.1 18 24 0.03 0.14 0.28 71 10.7 133.1 0.32 0.04 19.2 -5.2 
CC5 8/06/2011 Surface Water Lower N/A 2 7.6 572 38 38 2.4 24 35 0.16 0.27 0.21 107 11.8 140.8 0.34 0.06 20.1 -1.0 
CC6 7/06/2011 Surface Water Lower N/A 2 7.5 602 140 39 2.4 25 36 0.10 0.13 0.23 113 17.6 144.3 0.25 0.15 20.7 -2.6 
KC1 7/06/2011 Surface Water Upper N/A 3 6.8 540 73 33 1.8 26 28 0.01 0.00 0.09 103 27.9 79.2 0.03 0.18 18.8 2.0 
OCk 8/06/2011 Surface Water Mid N/A 1 7.2 543 110 39 0.9 22 43 0.02 0.00 0.13 73 16.4 234.8 0.23 0.02 34.2 -4.8 
BR1 8/06/2011 Surface Water Lower N/A 2 7.0 829 110 65 2.6 37 54 0.06 0.00 0.45 162 12.6 199.9 0.13 0.19 21.6 2.9 
Note: %CBE = percentage charge balance error. 
         Sub-catchment boundaries are shown in Figure 5.3. 
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Table 5.3: Water isotopic and hydrochemical data for surface and groundwater samples from the Cressbrook Creek catchment. Saturation indices (SI) for calcite and albite were calculated using PHREEQC (Parkhurst and Appelo 1999). 
Sampling  
Site 
Geology Sub-catchment Water type δ18O δ2H Deuterium 
excess 
(d) 
Tritium 
(TU) 
 
δ
13C 
(‰) 
14C 
(pMC) 
14C 
Uncorrected Age 
(yrs BP) 
87Sr/86Sr Calcite 
(SI) 
Albite 
(SI) 
B157 Alluvium Lower Ca-Na-Mg-Cl          -3.6 -23.8 4.82     0.70638 -1.68 1.24 
B18 Alluvium Mid Na-Mg-Ca-Cl          -3.7 -22.6 6.83 0.50 -4.4 88.02 1025 0.70702 -0.27 -0.47 
B21 Alluvium Mid Ca-Mg-Na-HCO3-Cl     -2.8 -17.4 4.81 1.17    0.70705 -0.82 -1.48 
B33 Alluvium Lower Na-Ca-Mg-Cl-HCO3     -4.0 -24.8 6.91     0.70677 -1.16 -0.59 
B36 Alluvium Lower Ca-Na-Mg-Cl-HCO3     -3.8 -23.8 6.49 0.70  95.81 345 0.70580 -1.52 -0.15 
B37 Alluvium Lower Ca-Mg-Na-Cl          -2.5 -16.1 4.33 1.08  104.22 Modern 0.70628 0.34 1.64 
B44 Alluvium Lower Ca-Mg-Na-Cl-HCO3     -4.5 -28.8 7.09 0.88    0.70629 -0.66 -0.98 
B51 Alluvium Lower Na-Mg-Cl             -3.6 -21.2 7.30 0.13 -4.9 81.12 1680 0.70509 0.07 1.62 
B57 Alluvium Lower Ca-Mg-Na-Cl          -4.7 -29.4 8.33 1.02  99.32 55 0.70571 -0.62 -0.89 
B74 Alluvium Upper Mg-Na-Ca-HCO3-Cl     -3.4 -19.6 7.43     0.70664 -1.12 -1.96 
B76 Alluvium Upper Na-Mg-Ca-HCO3-Cl     -3.0 -18.2 5.70 1.40    0.70667 -1.22 -0.63 
B82 Alluvium Lower Ca-Mg-Na-Cl-HCO3     -3.7 -22.1 7.12 1.14    0.70660 -0.83 0.20 
B83 Alluvium Lower Ca-Mg-Na-Cl          -4.0 -22.9 8.96 1.15  100.38 Modern 0.70607 -1.28 0.42 
B89 Alluvium Mid Mg-Ca-Na-Cl-HCO3     -3.2 -22.2 3.57 1.66    0.70705 -1.08 -1.83 
B90 Alluvium Mid Na-Mg-Ca-Cl          -2.1 -14.6 2.49 1.23    0.70631 -0.88 -0.73 
B91 Alluvium Mid Na-Mg-Ca-Cl-HCO3     -3.3 -21.2 5.61     0.70687 -1.07 -1.72 
B93 Alluvium Lower Mg-Ca-Na-Cl-HCO3     -4.2 -25.2 8.24     0.70687 -1.21 0.69 
B837 Alluvium Upper Mg-Ca-Na-Cl-HCO3     -3.7 -21.1 8.44 1.46    0.70688 -1.14 -1.76 
B158 Both Alluvium 
& Bedrock 
Lower Na-Ca-Mg-Cl          -3.4 -22.0 5.51     0.70617 -0.72 0.90 
B92 Both Alluvium 
& Bedrock 
Lower Na-Ca-Mg-Fe-HCO3-
Cl  
-2.1 -15.1 2.00     0.70573 -1.67 -1.55 
B103 Bedrock Lower Na-Mg-Ca-Cl          -3.4 -22.2 4.66     0.70555 0.18 1.61 
B104 Bedrock Upper Ca-Na-Mg-HCO3        -5.4 -31.8 11.10     0.71186 -0.06 -0.66 
B16 Bedrock Upper Ca-Mg-Na-Cl-HCO3     -2.4 -15.9 3.30     0.70615 -0.81 -0.01 
B229 Bedrock Lower Na-Ca-Cl-HCO3        -4.1 -25.5 7.52     0.70422 0.08 0.75 
B251 Bedrock Mid Ca-Mg-Na-HCO3-Cl     -2.0 -14.2 1.94     0.70781 0.47 0.19 
B256 Bedrock Upper Na-Ca-Mg-HCO3-Cl     -4.1 -24.8 7.95     0.70582 -0.61 1.17 
B546 Bedrock Upper Ca-Na-Mg-Cl-HCO3     -3.5 -19.8 8.16     0.70609 -1.21 -0.58 
CC1 Surface Water Upper Mg-Na-Ca-HCO3-Cl     -3.9 -25.2 6.10 1.60    0.70756 -1.37 -2.41 
CC2 Surface Water Mid Mg-Na-Ca-HCO3-Cl     -3.8 -24.7 5.38      -0.70 -2.21 
CC4 Surface Water Mid Mg-Na-Ca-HCO3-Cl     -3.8 -24.9 5.60      -0.44 -2.03 
CC5 Surface Water Lower Mg-Ca-Na-Cl-HCO3     -3.6 -23.8 5.27      -0.28 -1.90 
CC6 Surface Water Lower Mg-Ca-Na-Cl-HCO3     -3.6 -23.2 5.77 1.44    0.70685 -0.41 -1.82 
KC1 Surface Water Upper Mg-Na-Ca-Cl-HCO3     -3.7 -21.8 7.52     0.70774 -1.33 -2.29 
OCk Surface Water Mid Ca-Mg-Na-HCO3-Cl     -4.3 -24.8 9.20     0.70779 -0.35 -1.33 
BR1 Surface Water Lower Mg-Na-Ca-Cl-HCO3     -3.9 -24.6 6.99     0.70596 -0.57 -1.61 
Note: Sub-catchment boundaries are shown in Figure 5.3.
 Chapter 5: Paper 2 103 
 
Figure 5.6: Major and minor ions plotted against the theoretical evaporation curves for fresh 
groundwater from the Upper Catchment (B74) and the Lower Catchment (B36). Evaporation curves 
were calculated using PHREEQC (Parkhurst and Appelo 1999). 
 
5.4.2 Mineralogy and geochemical interactions with groundwater 
To assess the interaction of groundwater with minerals in the soil zone and the 
aquifer matrix, groundwater hydrochemical data was incorporated into silicate 
stability diagrams (Figure 5.7) to determine the relative stability of common silicate 
minerals in equilibrium with groundwater collected from major bedrock aquifers 
(Esk Formation and the Eskdale Igneous Complex) and the alluvium (Figure 5.7). 
The silicate stability diagrams show that kaolinite is usually in equilibrium with 
groundwaters from the Cressbrook Creek catchment, except for Ca-rich minerals, 
which are generally in equilibrium with smectite.  
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Figure 5.7: Groundwater silicate stability diagrams based on groundwater samples collected from the 
study site in 2011 for the: a) CaO-Al2O3-SiO2-H2O system; b) MgO-Al2O3-SiO2-H2O system; c) 
Na2O-Al2O3-SiO2-H2O system, including albite; and d) K2O-Al2O3-SiO2-H2O system, including 
microcline. 
 
5.4.3 Stable isotopes (δ2H and δ18O) 
Isotopic signatures for groundwater and surface water are compared to rainfall data 
collected from Brisbane Airport and Toowoomba (Figure 5.8) between May 2008 
and May 2010 (Crosbie et al., 2012), and new data collected by ANSTO between 
June 2010 and June 2011 (Table 5.4). Rainfall collected from the Brisbane Airport 
(Figure 5.1), located approximately 60 km east of the study site, is isotopically 
similar to rainfall collected from Toowoomba, which is located approximately 20 km 
to the southwest (Figure 5.8a; Crosbie et al., 2012). This suggests that there is limited 
spatial variation in the study region, and that data from Brisbane and Toowoomba are 
representative of the Cressbrook Creek catchment. The Brisbane Meteoric Water 
Line (MWL) has a slope of 7.9 (Hughes and Crawford, 2012), which is close to the 
global average of 8.2 (Rozanski et al., 1993). However, the deuterium excess (d) of 
13.1‰ is higher than the global average of about 10‰, as observed in other coastal 
eastern Australian sites (Cendón et al., 2014), probably due to the influence of 
convective rainfall (Liu et al., 2010).  
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Figure 5.8: a) δ2H versus δ18O values (‰ Vienna Standard Mean Ocean Water, VSMOW) compared 
to flood rainfall (ANSTO) and the meteoric water line for Brisbane and Toowoomba (Crosbie et al. 
2012). The slope of the groundwater evaporation line is based on analyses from five bores that plot 
within the flood rainfall envelope (B33, B36, B157, B89 and B93); and b) semi-log plot of δ2H (‰ 
VSMOW) versus Cl. 
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During the 12 months prior to the June 2011 sampling campaign, rainfall stable 
isotope signatures were depleted compared to previous rainfall events, particularly 
during, and immediately prior to, the flooding in January 2011. Rainfall from 
December 2010 and January 2011 (316 and 424 mm respectively; BOM, 2012) was 
particularly depleted in δ 2H (-30.2 and -27.8, respectively) and δ18O (-5.34 and -
5.13, respectively; Table 5.4), compared to the weighted average for rainfall, which 
was -3.4 and -12.7 for δ 2H and δ 18O respectively (Crosbie et al. 2012). Heavy 
rainfall events are often more depleted than average rainfalls (e.g. Taupin et al., 
2002). The slope of the groundwater evaporation line is approximately 3.1 (Figure 
5.8a).  
 
Table 5.4: Rainfall stable isotopes collected from the Brisbane Airport between June 2010 and June 
2011.  
Sample Month δ2H (‰ VSMOW) δ18O (‰ VSMOW) 
Monthly 
Precipitation (mm) 
June 2010 9.0 -1.49 12.8 
July 2010 -1.8 -2.58 36.0 
August 2010 -4.4 -1.90 108.2 
September 2010 -24.6 -4.44 77.0 
October 2010 -11.9 -3.45 337.3 
November 2010 -1.6 -2.14 53.2 
December 2010 -30.2 -5.34 499.4 
January 2011 -27.8 -5.13 346.8 
February 2011 -15.3 -3.22 79.8 
March 2011 -13.5 -3.58 188.6 
April 2011 0.1 -2.62 94.8 
June 2011 -2.8 -2.12 7.4 
 
5.4.4 Strontium isotopes 
Strontium isotope ratios of surface and groundwaters in the Cressbrook Creek 
catchment range from 0.7042 to 0.7119 (Figure 5.9), although most samples are 
within a narrower range of 0.7051 to 0.7078. No measurements of the 87Sr/86Sr ratios 
of rainwater were conducted for the study area, and as a consequence, the 87Sr/86Sr 
ratios of rainfall used in this study (Figure 5.9a) are based on data from elsewhere in 
Australia. The 87Sr/86Sr ratios of rainfall are typically similar to modern seawater 
(0.7092; Dia et al., 1992) near the coast, but they become progressively more 
radiogenic inland due to the addition of atmospheric dust. Strontium isotope 
measurements of rainfall from Hamilton, Casterton and Willaura in Victoria (south-
eastern Australia), which are located approximately 60, 70 and 100 km from the 
coast respectively, were 0.7094, 0.7097 and 0.7107 (Raiber et al., 2009). In 
comparison, the rainfall 87Sr/86Sr ratio measured at Woodlawoolana located 
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approximately 500-600 km inland in South Australia is 0.71314 (Ullman and 
Collerson, 1994). The Cressbrook Creek catchment is approximately 70 km from the 
eastern coast of Australia (Figure 5.1). Assuming a similar increase of the strontium 
isotope ratios of rainfall with increasing distance from the coast, the 87Sr/86Sr ratios 
in the Cressbrook Creek catchment may be in a similar range to those reported by 
Raiber et al. (2009), although it is acknowledged that local factors and temporal 
variability can have a substantial influence. However, the 87Sr/86Sr isotope ratio of 
rainfall at Cressbrook Creek should not be significantly different to the range 
presented in Figure 5.9a, and any local variations would not affect the hydrological 
interpretation.   
5.4.5 Groundwater residence times 
Tritium and 14C activities have been used to qualitatively assess groundwater 
residence times in the alluvium and in the surface water of Cressbrook Creek. 
Tritium is particularly useful for groundwater studies in the Southern Hemisphere, 
where 3H activities of rainfall have been about 2-3 TU for over 20 years 
(Morgenstern et al., 2010; Tadros et al., 2014). The 3H activity of rainfall is no 
longer affected by interference from bomb tritium, but is instead controlled by 
natural cosmogenic production, allowing for a more accurate interpretation of 
groundwater residence times using a single 3H measurement (Morgenstern and 
Daughney, 2012). 
The 14C activities of DIC can also provide insight into groundwater residence 
times and recharge processes. However, the interpretation of 14C ages is often 
difficult, because 14C activities can be altered by geochemical processes that occur in 
the unsaturated- and saturated zone (Plummer and Glynn, 2013). Nuclear weapons 
testing further complicated interpretation of 14C ages in modern samples by 
increasing atmospheric 14C activities in the 1950s. The radiocarbon activity of 
alluvial groundwater in Cressbrook Creek catchment ranges from 81.12 to 104.22 
pMC (Table 5.3). Conventional radiocarbon ages calculated from these data range 
from modern to 1,650 years BP. Two samples (B37 and B83) have modern 
uncorrected 14C ages, which correlate well with their relatively high 3H activities of 
1.08 and 1.15 tritium units (TU), respectively. This confirms that there is a 
substantial modern groundwater component contained in these groundwaters. 
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Figure 5.9: a) 87Sr/86Sr versus 1/Sr; b) 87Sr/86Sr versus tritium; c) 14C (pMC) versus tritium; d) 
saturation index (SI) for albite versus tritium; and e) SI for calcite versus tritium. Soil analyses were 
performed by Douglas et al. (2007), the 87Sr/86Sr ratio for seawater was sourced from Dia et al. 
(1992), and the rainfall data is from Raiber et al. (2009). 
 
The uncorrected 14C ages of the samples collected from B57, B36, B18 and 
B51 are 55, 345, 1025 and 1680 years BP, respectively. However, it should be noted 
that the 14C ages have not been corrected for interactions with carbonate minerals. 
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Tritium analyses of the same samples (B57, B36, B18 and B51) indicate that they 
contain a modern component (i.e. less approximately 70 years old), with values of 
1.02, 0.70, 0.50 and 0.13 TU, respectively.  
5.5 DISCUSSION 
5.5.1 Origin of solutes and hydrochemical evolution 
Hydrochemical facies 
Surface and groundwaters in the upper part of the catchment are generally fresh, with 
SC values of <700 µS cm-1 (Table 5.2; Figure 5.3), whereas salinities are moderately 
higher in the lower catchment. Five hydrochemical facies have been identified based 
on a visual analysis of major ions proportions (Figure 5.5). Hydrochemical Facies 1 
to 3 contain fresh water samples (SC <1150 µS cm-1; Table 5.5) and samples 
assigned to these facies have similar concentrations of Ca, Mg and Na (no dominant 
cation), and low SO4 concentrations (2.5 to 62.9 mg/L); therefore, these three groups 
are mainly distinguished by the relative proportions of Cl to HCO3. Hydrochemical 
Facies 1 is mostly composed of fresh bedrock groundwater samples, but 
interestingly, it also includes one surface water sample (OCk). This group is 
characterised by HCO3-dominated waters with molar HCO3:Cl ratios of ≤5. Si 
concentrations are relatively high (median SiO2 concentration of 43 mg/L) and low 
nitrate concentrations (median NO3 concentration of 0.15 mg/L; Table 5.5). 
Hydrochemical Facies 2 and 3 are composed of fresh water samples with slightly 
higher Cl concentrations than samples assigned to Hydrochemical Facies 1 (49 to 
297 mg/L). Hydrochemical Facies 4 and 5 both contain brackish groundwaters (SC 
ranges from 1145 to 13,750 µS cm-1) with Cl as the dominant anion, but the samples 
in Hydrochemical Facies 5 have a median NO3 concentration of 4.0 mg/L, compared 
to those in Facies 4 which have a median NO3 concentration of just 0.19 mg/L 
(Figures 5.5 and 5.6 and Table 5.5).  
 
Table 5.5: Main features of the five hydrochemical facies (median values). 
Hydrochemical 
facies 
pH SC 
(µS/cm) 
Eh SiO2 
(mg/L) 
NO3-N 
(mg/L) 
3H 
(TU) 
1 7.2 522 113 43 0.15 N/A 
2 7.0 497 38 26 0.17 1.42 
3 6.5 708 35 35 0.18 1.14 
4 6.6 1337 -40 43 4.0 1.08 
5 6.5 4140  -55 41 0.19 0.50 
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Bedrock groundwater 
Bedrock groundwater samples have diverse hydrochemical compositions (Facies 1, 2 
and 5; Table 5.2) and 87Sr/86Sr ratios (Figure 5.9), reflecting the wide range of 
bedrock types in the study area including granodiorite, basalt, sandstone and shale. 
Hydrochemical end-members are highly variable due to superimposed processes 
such as evaporation of water from the unsaturated zone prior to groundwater 
recharge, transpiration, and mixing from multiple sources. The dominance of HCO3 
for bedrock samples in the Upper Catchment (Hydrochemical Facies 1) suggests that 
there are several potential processes that contribute towards the observed patterns of 
major ion concentrations, including carbonate dissolution, oxidation of organic 
matter, and silicate weathering. The latter can be assessed using 87Sr/86Sr ratios and 
silicate stability diagrams.  
Groundwaters from the Esk Formation (B229, B103 and B92; Figure 5.3) 
typically have low 87Sr/86Sr ratios (0.7042 to 0.7062), even though the weathered 
soils from this formation are comparatively radiogenic (Figure 5.9a) with values 
ranging from 0.7070 to 0.7115 and a mean of 0.7090 (Douglas et al., 2007). This 
suggests that 87Sr/86Sr ratios of groundwaters from the Esk Formation do not reflect 
the weathered whole-rock signature, but are instead probably controlled by 
weathering of plagioclase. Weathering of anorthite (Ca-rich plagioclase) releases 86Sr 
(substituted for Ca) into groundwater, but very little 87Sr is released (McNutt, 2000), 
resulting in groundwaters with low 87Sr/86Sr ratios. Many other studies have also 
reported similar observations where groundwater 87Sr/86Sr ratios are lower than the 
whole rock 87Sr/86Sr ratios, attributed to the dominant influence of plagioclase 
dissolution (e.g. Fritz et al., 1992; Richards et al., 1992; Made and Fritz, 1989). This 
plagioclase dissolution process is supported by geochemical evidence, which shows 
that Esk Formation soils are rich in smectite (Douglas et al., 2007), and that Ca-rich 
minerals of the Esk Formation, such as anorthite, are likely to weather to smectite 
(Figure 5.7), whereas minerals that are rich in K, Na and Mg are likely to weather to 
kaolinite. Therefore, it appears as though silicate weathering is a significant process 
affecting the major ion concentration of the bedrock groundwaters, particularly in the 
Esk Formation. 
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Alluvial groundwaters 
Alluvial groundwater evolution is marked by an increase in salinity (Figure 5.5), 
longer groundwater residence times, a decreasing 87Sr/86Sr ratio (Figure 5.9b) and 
higher Cl/HCO3 ratios (Figure 5.5). The more evolved groundwaters in 
Hydrochemical Facies 4 and 5 have probably been subjected to higher degrees of 
evapotranspiration. Evaporation processes are evident from stable isotopes 
measurements, which show that most samples collected during this study are 
displaced significantly to the right of the Brisbane and Toowoomba MWL (Figure 
5.8a). This is in agreement with pan evaporation rates that far exceed the average 
annual rainfall in the catchment (Section 5.2.1).  
In addition to evaporation, transpiration also appears to be an important 
control of groundwater salinity in some areas, as documented by elevated Cl and 
stable isotope signatures that do not show any substantial influence of evaporation 
(Figure 5.8b). However, Mg and Ca concentrations of the samples from 
Hydrochemical Facies 4 are higher than would be expected from evaporation, based 
on modelled evaporation curves from fresh water samples from the Upper and Lower 
Catchment (Figure 5.6).  
Similarly, the Na concentrations are lower than expected from the 
evaporation curve, suggesting that the groundwater composition of samples assigned 
to Hydrochemical Facies 4 have been influenced by interactions with aquifer 
materials. As carbonate rocks are absent in the alluvium of this catchment, 
weathering of silicate minerals appears to be the most likely source of dissolved ions. 
This is also supported by a moderate correlation between 3H and the saturation 
indices (SI) of albite (R2 = 0.45; Figure 5.9d), compared to the weak correlation 
between 3H and calcite SI (R2 = 0.24; Figure 5.9e). Furthermore, many of these more 
evolved waters have Ca/HCO3 ratios (and Mg/HCO3 ratios) that are higher than the 
1:2 molar ratio that could be expected from the dissolution of carbonates alone 
(Figure 5.6; Appelo and Postma, 2005).  
It is likely that this increase in Ca and Mg is augmented by dissolution of 
mafic minerals such as olivine, pyroxene and anorthite, which are commonly present 
in basaltic rocks such as those in the Mid to Upper Catchment (Palaeozoic rocks; 
Figure 5.3). Alluvial sediments probably contain detrital material that was eroded off 
these basalts, providing a source of Ca and Mg for alluvial groundwaters and surface 
waters in the lower part of the catchment. This is supported by XRD analyses, which 
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show that there are significant amounts of smectite in weathered sediments sampled 
from Lake Wivenhoe (Figure 5.1; Douglas et al., 2007), and silicate stability 
diagrams (Figure 5.7) demonstrate that the smectite is probably the result of the 
weathering of Ca-rich minerals such as anorthite. 
In contrast to Hydrochemical Facies 4, the samples from Hydrochemical 
Facies 5 have followed a different evolutionary pathway (Figure 5.5): groundwaters 
that are members of Hydrochemical Facies 5 generally have longer residence times 
(Table 5.5), higher Na concentrations (Figure 5.5) and its groundwater evolution 
more closely follows an evaporative trend (Figure 5.6). Nevertheless, the evaporation 
curve (Figure 5.6) indicates that Ca and Mg concentrations are still higher than 
expected if evaporation alone was the controlling factor, suggesting that the 
dissolution of silicates is also an important process influencing the chemistry of these 
waters.   
5.5.2 Radiocarbon groundwater residence times 
The uncorrected 14C ages of the samples collected from B18 and B51 are 1025 and 
1680 years BP, respectively; however, tritium analyses indicate that this groundwater 
has a modern component. This discrepancy between the apparent tritium ages and the 
14C ages indicates that the 14C activity may have been altered by carbonate 
dissolution, or alternatively, that there has been mixing between an older water and a 
young water that contains tritium.  
The Ca:Na ratio of the alluvial groundwaters ranges from 0.19 to 1.00, with 
an average of 0.54 and the Ca/Na ratio of the samples from B18 and B51 are 0.19 
and 0.24. This indicates that significant calcite dissolution is unlikely, as 
groundwaters that have experienced significant calicite dissolution generally have 
Ca/Na ratios >1 (Mast et al., 1990; Leybourne et al., 2006).  
Calcite dissolution can also be assessed using the δ13CDIC composition, which 
is affected by interactions with organic materials and the aquifer substrate. The 
δ
13CDIC composition of recharging groundwater is largely controlled by the 
composition of the decomposing plant matter. For plants that use the C3 
photosynthesis, the δ13CDIC composition of the soil is usually around -23‰, whereas 
it is likely to be approximately -9‰ in areas with C4 plants (Clark & Fritz, 1997). 
The study catchment is located in a water-poor area and plant productivity is often 
limited by the lack of water. Therefore, landholders commonly cultivate plants that 
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use water efficiently, such as those that use the C4 carbon fixation pathway (e.g. corn 
and sorghum). However, some drought resistant plants that use the C3 carbon 
fixation pathway (e.g. Lucerne) are also cultivated. Similarly, approximately 74% of 
grass species in the Cressbrook Creek region use the C4 carbon fixation pathway 
(Hattersley, 1983).  
Assuming that approximately 60% to 90% of the 13C is derived from plants 
that use the C4 carbon fixation pathway, soil CO2(g) δ13CDIC values would be 
approximately -15‰ to -10‰. The δ13CDIC value will typically increase by around 
7.9‰ as soil CO2(g) dissociates to HCO3- (at 25O C; Clark & Fritz, 1997), which will 
result in groundwater with δ13CDIC values between around -7‰ and -2‰. The 
δ
13CDIC values at B18 and B51 are -4.4 and -4.9, indicating that there has probably 
been no significant dissolution of old calcite, and that the uncorrected 14C ages are 
valid. This is not unexpected, as the alluvium is composed primarily of components 
derived from erosion of silicate rocks, and it is unlikely to contain significant 
amounts of carbonate. 
5.5.3 Hydrological processes, recharge and the impact of flooding 
Cressbrook Creek and Cressbrook Dam 
Surface water samples from Cressbrook Creek follow an evaporative trend line that 
intersects the meteoric waterline near the flood-generating rainfall (Figure 5.8a). 
Cressbrook Dam was overflowing into Cressbrook Creek at the time of sampling 
(Toowoomba Regional Council, 2012), and water from the dam appears to be 
dominated by depleted heavy rainfall from December 2010 and January 2011. This is 
not surprising, as the storage volume of Cressbrook Dam was at record low levels 
(7.5% of total capacity) in February 2010 (Toowoomba Regional Council, 2014). In 
addition, rainfall in the Catchment Headwaters and at Cressbrook Dam may be 
further depleted due to the altitude effect, as the dam is approximately 250 m AHD 
and the surrounding hills reach elevations in excess of 500 m AHD.  
Upper Catchment 
In the Upper Catchment, recharge to the alluvium is dominated by diffuse infiltration 
of rainfall rather than channel leakage (Figure 5.10a and 5.10b). This is supported by 
evidence that indicates that the stream is gaining in this part of the catchment, 
including field observations of groundwater discharge into the stream in the Upper 
Catchment, the sustained flow in Cressbrook Creek during years when there was no 
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discharge from Cressbrook Dam and the increase in discharge volume between 
Cressbrook Dam and CC3 (Figure 5.3) at the time of sampling (Section 5.2.1). 
Groundwater is recharged rapidly in this part of the catchment, based on the low 
salinity (Figure 5.3) and relatively high 3H activities (Table 5.3) of groundwaters 
collected from this region.  
Groundwater major ions and stable isotopes from samples collected near the 
confluence of Cressbrook Creek and Kipper Creek are similar to the surface water 
sample collected from Kipper Creek (KC1; Figure 5.3), suggesting that Kipper Creek 
receives baseflow from the alluvium in the vicinity of KC1. As there was no flow in 
Kipper Creek in the Catchment Headwaters at the time of sampling, the creek must 
have received groundwater baseflow in the Upper Catchment (i.e. near KC1). The 
stable isotope signature of groundwaters collected from the Upper Catchment and 
surface water from Kipper Creek is intermediate to the evaporation trends that 
originate from the flood-generating rainfall and the longer-term weighted average 
rainfall value. This suggests that recharge is sourced from the flood and from smaller 
rainfall events that occurred subsequent to the flood. However, the sample collected 
from Cressbrook Creek in the Upper Catchment has a more depleted stable isotope 
signature than other surface waters or groundwater samples from the Upper 
Catchment, probably because water in Cressbrook Creek has a high proportion of 
isotopically depleted flood runoff and quick flow from Cressbrook Dam (Section 
Cressbrook Creek and Cressbrook Dam).  
The sample collected from Oaky Creek (OCk; Figure 5.3) is grouped in a 
different hydrochemical facies to other surface water samples. This sample has been 
assigned to Hydrochemical Facies 1, together with bedrock samples collected from 
the Upper Catchment, including a sample collected from the granodiorite foothills in 
the Oaky Creek sub-catchment (B104; Figure 5.3). The bedrock appears to have a 
major impact on the chemical composition of the water in Oaky Creek, probably 
because the alluvial aquifer is thin and narrow in the Oaky Creek sub-catchment and 
because the upper layers of granodiorite are highly weathered, and therefore 
comparatively permeable. This permeable weathered granodiorite probably provides 
baseflow to Oaky Creek. 
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Mid to Lower Catchment 
Most groundwaters from the lower part of the catchment also follow the evaporative 
trend that intersects the meteoric water line near the flood-generating rainfall of 
December 2010 and January 2011, indicating that groundwater was recharged 
rapidly by channel leakage and/or that the flood generated substantially more 
recharge than other smaller rainfall events. Heavy rainfall events often have depleted 
stable isotope signatures. This is demonstrated by the depleted signatures of rainfall 
during the 2011 flood, and during other flood events. For example, the most 
devestating flood to affect southeast Queensland occurred in 1974, and the δ2H and 
δ
18O values of rainfall during this event were -64.2‰ and -9.5‰, respectively 
(IAEA/WMO, 2014). 
In the Lower Catchment, fresh groundwaters with short residence times, such 
as those contained in Hydrochemical Facies 2 and 3, are probably recharged by 
surface waters (Figure 5.10c and 5.10d). These sites are generally located close to the 
creek and it appears as though groundwater quality is significantly improved due to 
interactions with surface water in this part of the catchment, confirming the 
observation from King et al. (2014). These groundwater-surface water interactions 
also appear to affect surface water compositions, as is evident from observed changes 
in the chemical composition of Cressbrook Creek with distance downstream. This 
includes an: 1) an increase in total dissolved salts (Figure 5.3); 2) an increase in the 
apparent water age, as indicated by the 3H activities at CC1 (Upper Catchment; 1.60 
TU) and CC6 (Lower Catchment; 1.44 TU; Table 5.3); 3) enrichment of stable 
isotopes (δ2H and δ18O; Figure 5.8b); and 4) a decrease in the 87Sr/86Sr ratios (Figure 
5.9a).  
The more evolved groundwater samples from the Mid and Lower Catchment 
(Hydrochemical Facies 4 and 5) were generally collected from alluvial wells that are 
located further away from the creeks (Figure 5.3) and/or where the unsaturated zone 
is thick (e.g. >10 m). These sites are also located in areas where the alluvium is less 
permeable, suggesting that infiltrating rainfall from small rainfall events is subjected 
to a significant degree of evapotranspiration processes during infiltration through the 
unsaturated zone, and large rainfall events are probably required to generate 
groundwater recharge. Therefore, it is likely that these more evolved waters are 
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predominately recharged during high rainfall events, such as those associated with 
the flooding in January 2011.   
5.5.4 Hydraulic connectivity between bedrock and alluvium 
Tritium data show that alluvial groundwaters assigned to Hydrochemical Facies 5 
have relatively long residence times (B90, B18 and B51, Table 5.5). In particular, the 
low 3H activities from B18 and B51 (0.50 and 0.13 TU, respectively) indicate that 
older bedrock groundwater could be interacting with the alluvium at these sites. 
Furthermore, the sample collected from B158, which is screened in both the alluvium 
and the bedrock, is also included in Hydrochemical Facies 5.  
The sample from B90 has a stable isotope signature that indicates a 
substantial degree of evaporation (Figure 5.8), whereas other alluvial samples 
assigned to Hydrochemical Facies 5 (B51 and B18) are isotopically more depleted. 
As previously mentioned, alluvial groundwaters assigned to Hydrochemical Facies 5 
were probably subjected to significant amounts of evaporation. However, 
groundwater samples from sites B18 and B51 (Figure 5.3) have a relatively depleted 
stable isotope signature considering their high Cl concentrations (Figure 5.8), which 
suggests that these sites may have received seepage from depleted bedrock 
groundwater. Furthermore, the groundwater sample from B18 has a radiogenic 
87Sr/86Sr  signature similar to groundwater sampled from the granodiorite, which 
forms the bedrock at this site, and sample B51 has a low 87Sr/86Sr ratio similar to the 
Esk Formation samples (Figure 5.9a). Also, the 14C groundwater ages of samples 
from B18 and B51 are greater than 1,000 years BP, but there is detectable tritium in 
these samples, indicating that the water is less than approximately 100 years old. 
This descrepancy is consistant with mixing of old bedrock groundwater with younger 
alluvial groundwater. 
Overall, the isotopic evidence (groundwater 14C, δ13C, stable isotopes and 
87Sr/86Sr ratios) confirms that the aquifer at sites B18 and B51 receives seepage from 
the underlying bedrock. Interestingly, the only other two samples with 87Sr/86Sr ratios 
below the 99% confidence interval (Figure 5.9a) are the samples from B36 and B57, 
which were also collected from monitoring bores overlying the Esk Formation. 
Furthermore, apart from B18 and B51, they are the only other two samples with non-
modern uncorrected 14C ages, and they have relatively depleted stable isotope 
signatures, suggesting that the alluvial aquifer at these sites has probably also 
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received seepage from the underlying bedrock aquifer. Moreover, there is a strong 
correlation (R2 = 0.94) between 3H and 14C activities (Figure 5.9c), which suggests 
that the samples from B57 and B36 have been affected by similar hydrological 
processes (i.e. bedrock seepage) as the samples from B51 and B18.    
 
 
Figure 5.10: Conceptual model of recharge processes in the: a) upper part of catchment during wet 
conditions; b) upper part of catchment during drought conditions; c) lower part of catchment during 
wet conditions; and d) lower part of catchment during drought conditions. 
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5.6 CONCLUSIONS 
This study outlines the benefits of the simultaneous application of multiple 
environmental isotopes (2H, 18O, 87Sr/86Sr, 3H and 14C) in rainfall, groundwater and 
surface water in combination with a comprehensive hydrochemical assessment. The 
aim was to study the influence of a flood on groundwater recharge and to assess the 
hydrological connectivity of an alluvial aquifer system with associated streams and 
underlying highly diverse bedrock aquifers.  
Groundwater evolution is largely controlled by silicate dissolution and 
evapotranspiration processes, as demonstrated by the silicate stability diagrams, 
theoretical evaporation curves and saturation indices. In the Upper Catchment, 
rainfall is quickly recharged through relatively coarse-grained alluvial sediments. 
Conversely, rainwater infiltrates more slowly in the Mid and Lower Catchment, 
particularly in the flood-plain distal to Cressbrook Creek, as indicated by the lower 
tritium and 14C values and the elevated salinity. In contrast, surface water leakage to 
the alluvial aquifer is an important mechanism for maintaining groundwater quality 
and for the generation of recharge in the lower part of the catchment. 
The flood-generating rainfall in 2011 was isotopically more depleted (δ2H 
and δ18O) than the long-term weighted average, and groundwater from the lower part 
of the catchment plots along an evaporative trend line that intersects the meteoric 
water line near this depleted, flood-generating rainfall of December 2010 and 
January 2011. This confirmed that the flood events of January 2011 generated 
significant recharge, whereas infiltrating water from smaller rainfall events is subject 
to evapotranspiration, especially in the lower part of the catchment where the 
unsaturated zone is relatively thick and the permeability is low. Recharge from 
episodic flooding is probably important in other similar settings where low 
permeability sediments are incised by stream channels. Groundwater in the Upper 
Catchment follows an evaporative trend initiated from rainfall that is intermediate to 
the long-term weighted average rainfall and the “flood rainfall”. The floods of 2011 
also generated significant recharge in this part of the catchment. However, as the 
evaporative trend is initiated from a more enriched rainfall signature (i.e. closer to 
the long-term weighted average), it appears likely that smaller rainfall events also 
generate groundwater recharge here, probably due to the more permeable and thinner 
soil material in this part of the catchment. The study clearly demonstrated the value 
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of time-series rainfall stable isotope data for the identification of hydrological 
processes such as aquifer recharge and the generation of baseflow resulting from 
flooding.  
The 87Sr/86Sr ratios were used to identify bedrock seepage to the alluvium at 
several locations. This conclusion was supported by the 3H and 14C data, which show 
that the alluvium contains a mixture of older, bedrock derived groundwater and more 
recently recharged groundwater. The connectivity between the alluvium and the 
bedrock is likely to be spatially and temporally variable. 
The complementary use of multiple isotopes and hydrochemistry of rainfall, 
groundwater and surface water enabled an effective assessment of hydrological 
processes throughout the catchment, including recharge of the alluvial deposits from 
surface water flows and variable bedrock aquifers, recharge specifically from flood 
events and an understanding of isotopic and hydrochemical parameters in the context 
of variable climatic conditions.  
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Aims of Paper 3 
In Paper 3, groundwater recharge rates are quantified using a range of methods and 
the applicability of each method is discussed, particularly in relation to their 
application to recharge assessments of alluvial systems with connected streams. The 
conceptual hydrogeological model for the alluvial system is largely based on the 
results of the first two papers; although the understanding of hydrological processes 
is further evaluated using an assessment of surface- and groundwater level 
fluctuations. Moreover, the use of the groundwater time lag response to changes in 
atmospheric pressure is assessed in relation to its utility as a tool to evaluate recharge 
potential, recharge processes and aquifer vulnerability. 
 
Abstract 
This study demonstrates the importance of using a realistic conceptual 
hydrogeological model to underpin estimates of groundwater recharge rates in an 
alluvial system interconnected with an ephemeral or intermittent stream. The 
losing/gaining condition of these streams is typically subject to temporal and spatial 
variability, and knowledge of these hydrological processes is critical for the 
interpretation of recharge estimates obtained using different techniques. In this study 
of the Cressbrook Creek catchment in southeast Queensland, Australia, several 
recharge estimation techniques were applied, and the conceptual hydrogeological 
model was used to determine which recharge rates are most realistic and 
representative for the alluvial aquifer system.  
Recharge rates were assessed using the water budget method, the chloride 
mass balance method, tritium, and the water-table fluctuation (WTF) method. For the 
tritium method, knowledge of the hydrodynamics of the study area was used to 
approximate the contribution of (a) channel leakage, which was calculated using the 
piston flow model (PFM) and (b) diffuse infiltration of rainfall, which was calculated 
using the partial exponential model (PEM).  
Recharge estimates from the WTF method integrate all influxes to the 
aquifer, including temporary fluxes relating to bank storage processes. Therefore, 
this method generates higher recharge rates in areas where bank storage is prominent. 
This is an important consideration if recharge estimates are used in numerical 
groundwater flow models, or to guide the management of groundwater abstraction 
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limits. Antecedent rainfalls also impact on recharge estimates that are obtained using 
the WTF method and chemical tracers such as tritium. Another aspect of the study 
was the assessment of the time lag of groundwater levels in response to changes in 
atmospheric pressure, which was successfully used to qualitatively assess recharge 
potential, recharge processes and aquifer vulnerability. In general, recharge rates are 
higher in the upper parts of the catchment due to rapid infiltration through the coarse 
grained sediments. In the lower parts of the catchment, recharge rates are higher near 
the stream, due to the influence of channel leakage.  
 
Keywords: Groundwater recharge, water-table fluctuation method, tritium, 
conceptual hydrogeological model, barometric pressure 
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6.1 INTRODUCTION 
Groundwater recharge quantification is essential for efficient management of 
groundwater resources; however, estimation of realistic recharge rates is one of the 
biggest challenges in hydrogeological investigations, as groundwater recharge can 
vary substantially both spatially and temporally (Scanlon et al. 2002). Moreover, the 
magnitude of the recharge is often very small compared to other components of the 
hydrological cycle such as rainfall and evapotranspiration, and they are difficult to 
measure accurately (de Vries and Simmers 2002). Therefore, it is important to apply 
multiple independent methods to estimate recharge, but in order to obtain a 
meaningful understanding of the spatial and temporal distribution of groundwater 
recharge, the estimates must be supported by a realistic conceptual model of the 
hydrogeological system (de Vries and Simmers 2002; Healy 2010). The use of such a 
model is particularly important for alluvial aquifer systems where streams are 
ephemeral or intermittent, which is the case for the Cressbrook Creek catchment in 
southeast Queensland, Australia. In these settings, spatial and temporal variability of 
recharge is often highly dependent on climatic factors, such as precipitation and 
evapotranspiration, and recharge via channel leakage may also be a significant 
process (Scanlon et al. 2002).  
Recharge can be measured using a range of methods, including direct 
measurements of water level fluctuations (Healy and Cook 2002), water budget 
techniques (e.g. Abdulrazzak et al. 1989; Kendy et al. 2004), tracer techniques (e.g. 
Allison and Hughes 1978; Guglielmi and Mudry 1996; Sukhija et al. 2003b; Abdalla 
2009), numerical modelling (e.g. Anan et al. 2007) or empirical techniques (e.g. 
Owor et al. 2009). In this study, four independent methods were applied to assess 
recharge. The results from each method were compared and contrasted in order to 
gain a more realistic understanding of the representativeness of recharge estimates, 
and, importantly, a better understanding of recharge processes. It is also important to 
confirm the uncertainties involved in each method, as each is based on different 
assumptions and recharge is measured at different spatial and temporal scales.  
Recharge was assessed at the catchment scale using a simple water budget 
approach, and at the local scale (point estimates), using: 1) the chloride mass balance 
(CMB) method, 2) the water-table fluctuation (WTF) method and 3) groundwater 
dating (tritium). A key aspect of the study is the assessment of channel leakage in the 
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system, as this ‘hidden’ process can impact on recharge estimates that are based on 
chemical tracers, as these methods are only applicable to systems that are recharged 
by diffuse infiltration of rainfall.  
In addition to the well-established methods described above, this study 
assesses the time lag between atmospheric pressure changes and the associated water 
level response in the well. For unconfined aquifers, this time lag is a function of the 
pneumatic diffusivity of the vadose zone, which is largely dependent on the vertical 
permeability of the vadose zone (Spane 2002). This time-lag response may be used 
as a proxy for recharge, as the diffuse infiltration of rainfall is also dependent on the 
permeability of the vadose zone. This relationship has received very little attention  
and further case studies are therefore required (e.g. Hussein et al. 2013). 
6.2 BACKGROUND AND STUDY AREA 
6.2.1 Recharge processes 
Groundwater (total) recharge is generally defined as the quantity of water that 
reaches the water-table, thereby adding to the total volume held in storage (de Vries 
and Simmers 2002). However, this simple definition is not always sufficient, as a 
distinction can be made between total recharge and net recharge. The latter is the 
total recharge (as described above) minus the groundwater lost via groundwater 
discharge, pumping and plant use during the period of measurement (Armstrong and 
Narayan 1998). Recharge can occur as a result of: 1) diffuse infiltration of 
precipitation, which is often referred to as direct recharge; or 2) by focused 
infiltration from surface water bodies and runoff, which is often termed indirect 
recharge (Healy 2010). Focused recharge can be further differentiated into two 
separate forms of recharge, depending on the geomorphology of the features 
involved. Localised recharge is described as the infiltration of overland flow into 
fractures and macropores, and channel leakage is the diffusion of water below 
surface water bodies (de Vries and Simmers 2002).  
6.2.2 Hydrogeological setting 
The Cressbrook Creek catchment covers an area of approximately 200 km2 in 
southeast Queensland, Australia. The part of the catchment included in this study 
extends from Cressbrook Dam in the headwaters to the confluence with the Brisbane 
River in the northeast (Figure 6.1). It excludes the area up gradient of Cressbrook 
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Dam, which is a drinking water supply dam for the Toowoomba City Council 
(Figure 6.2). The topographically elevated areas in the southwest of the catchment 
(ranging from ~220 to 520 m Australian Height Datum, AHD) are forested and 
mostly undeveloped, whereas farm land covers much of the alluvial plains (>90% of 
the total alluvium by area), particularly in the lower part of the catchment to the 
northeast (~70 to 150 m AHD). In this part of the catchment, irrigators use up to 3 
GL of alluvial groundwater annually  (DNRM, 2012), but groundwater abstraction is 
often restricted due to low groundwater levels. With the construction of Cressbrook 
Dam in 1983, flow in Cressbrook Creek was further reduced, resulting in lower 
groundwater levels. While water was initially released from the dam to recharge the 
alluvium, releases were controversially phased out in the late 1990s due to drought-
induced water shortages. 
In this study, the catchment has been divided into four zones for ease of 
discussion: the Catchment Headwaters, the Upper Catchment, the Mid Catchment 
and the Lower Catchment (Figure 6.2). 
 
 
Figure 6.1: Cressbrook Creek catchment in southeast Queensland, located approximately 80 km 
northwest of Brisbane and within the upper Brisbane River catchment. 
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Figure 6.2: Geology, surface drainages, sampling sites, and catchment-wide distribution of the 
electrical conductivity (EC) in the Cressbrook Creek catchment. Groundwater gradients were assessed 
using water level measurements from the sampling sites (sites with EC data) and other monitoring 
bores (adapted from King et al. 2014b). 
 
6.2.3 Climate and surface water drainage 
Southeast Queensland is a subtropical region with hot, humid summers and dry, mild 
winters. The mean annual rainfall at Toogoolawah in the lower part of the catchment 
(Figure 6.2) is 847 mm and the median rainfall is 873 mm, although total annual 
rainfall can be highly variable ranging from approximately 400 to 1400 mm (Station 
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number 040205; BOM, 2013). However, even in average or wet years, the 
infiltration of rainfall is limited by high evapotranspiration rates, with mean annual 
pan evaporation rates of 1809 mm measured at Gatton (Harms and Pointon 1999), 
located about 50 km to the south of Toogoolawah (Figure 6.1), clearly exceeding 
mean annual rainfall. This rainfall variability has been particularly evident in recent 
years, when below average rainfall from 2000 to 2009 resulted in very low creek 
flow (Figure 6.3), especially from mid-2006 until early 2008 when flow ceased 
completely. Due to this extended drought, water levels at Cressbrook Dam in the 
headwaters of the catchment (Figure 6.2) did not reach the overflow in the period 
between 1999 and early 2011, and there was no discharge from the dam to support 
flow in the creek. Despite the lack of outflow from the dam, intermittent flow was 
recorded in Cressbrook Creek during this time (Figure 6.3), indicating that the creek 
was recharged by both overland and groundwater contributions along its course. The 
period of drought was then followed by two wet years, which generated significant 
flooding in January 2011, approximately five months prior to the sampling 
conducted during this study.  
 
 
Figure 6.3: Annual rainfall (Station number 040205; BOM, 2013) for the Cressbrook Creek catchment 
and the annual stream discharge at CC3 (Stream gauge 143921; DNRM, 2012). Also shown is the 
time of sampling and the period captured by pressure transducers that measured groundwater levels 
for the WTF method (adapted from King et al. 2014b).  
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6.2.4 Alluvial aquifer 
The alluvial system at Cressbrook Creek is characterised by a fining-upwards 
sequence, which typically consists of basal sands and gravels, overlain by silts and 
clays. King et al. (2014a) describe this complex, multi-layered alluvial aquifer as a 
two layer system, based on sediment grain size assessment. The basal coarse-grained 
layer consists mostly of sands and gravels, whereas the upper low permeability layer 
is primarily composed of fine-grained sediments such as silts and clays. This fining 
upwards sequence is characteristic of alluvial systems in eastern Australia, such as 
those at Cooper Creek (e.g. Cendón et al. 2010), the upper Condamine Valley and 
the Lockyer Valley (Cox et al. 2013), attributed largely to diminishing surface water 
flows in the late Quaternary (Knighton and Nanson 2000; Maroulis et al. 2007; 
Nanson et al. 2008). In the Cressbrook Creek catchment, the thickness of the low 
permeability layer increases with distance downstream, whereas the thickness of the 
basal high permeability layer decreases down-gradient. 
6.3 METHODS 
6.3.1 Sampling and analysis of surface- and groundwaters 
Water samples were collected in June and September 2011 from two surface water 
sites (CC1 and CC6, Figure 6.2) and 18 bores screened in the alluvial aquifer. 
Alluvial boreholes are shallow (typically less than 20 m) and mostly screened near 
the base of the alluvium. Prior to sampling, three well-volumes were pumped from 
the boreholes and the electrical conductivity (EC), temperature, redox potential (Eh) 
and pH were monitored using a flow cell until the measurements had stabilised prior 
to sampling. Field measurements were taken with a TPS 90 FL field meter, which 
was calibrated in accordance with the manufacturer’s specifications prior to use. 
Samples were analysed for major cations and anions (King et al. 2014a), but only Cl 
is included in this study. Tritium was analysed at the Australian Nuclear Science and 
Technology Organisation (ANSTO), where the samples were distilled and 
electrolytically enriched prior to the analysis, which was conducted using a liquid 
scintillation counter. In addition to data collected during this study, Cressbrook 
Creek was also sampled 13 times (CC3, Figure 6.2) between 2000 and 2009 by the 
Department of Natural Resources and Mines (DNRM, 2012). 
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6.3.2 Rainfall data sources 
The rainfall Cl concentration used for CMB calculations is a weighted average of 
rainfall collected in Toowoomba from 2007 to 2011 (Crosbie et al. 2012). Rainfall 
tritium data were measured in Brisbane by ANSTO from January 1962 to April 2012 
(Tadros et al. in press). Data from 1953 to 1962 was predominately sourced from 
New Zealand (Taylor 1966). Rainfall tritium data for the pre-1953 period was 
assigned as the background tritium concentration of 1.7 tritium units (TU), which is 
the average tritium activity recorded from 2000 to 2012. 
6.3.3 Aquifer testing 
Rising/falling head tests were conducted in order to estimate the hydraulic 
conductivity of the aquifer at each site. This information was consequently used to 
determine recharge estimates, as described later in the study. Rising head tests were 
conducted using a bailer, or, for the more permeable sites, two bailers joined end-to-
end. Falling head tests were performed by pouring water into the bore. The response 
was measured using a pressure transducer that recorded the water level at 1 second 
intervals. The hydraulic conductivity was calculated using the Hvorslev method 
(Hvorslev 1951).  
6.3.4 Recharge estimation techniques 
Water budget method 
The water budget method used in this study is based on the simple premise that 
inputs (recharge) are in equilibrium with outputs (Scanlon et al. 2002). This can be 
written as: 
(6.1)      R = QGW + Qbf +  ∆SGW + ETGW+ Qpump 
where R is recharge, QGW is groundwater discharge (subsurface flow), Qbf is stream 
discharge that was generated by baseflow, but does not include the baseflow 
component that is returned to the aquifer via channel leakage, ∆SGW is the change in 
groundwater storage, ETGW is evapotranspiration of groundwater, and Qpump is the 
abstraction of groundwater by irrigators, minus irrigation returns. For the alluvial 
system of Cressbrook Creek, it is assumed that subsurface inflows are minimal. The 
value for ∆SGW could be calculated annually using the groundwater level and an 
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estimate of the porosity; however, as we are calculating an average recharge rate 
over 15 years, it is assumed that ∆SGW is in equilibrium over that period. 
 
Furthermore, evapotranspiration rates from groundwater are assumed to be 
negligible, as groundwater levels are generally more than 5 m below the ground 
surface and the landuse is predominately cropping, rather than deep-rooted native 
plants (except in the Catchment Headwaters, Section 6.2.2). The application of these 
assumptions results in the following simplified water budget for Cressbrook Creek: 
(6.2)       R = QGW + Qbf +  Qpump  
Darcy’s law is used to calculate QGW, as displayed in Equation 6.3, where K 
is the hydraulic conductivity of the discharge zone, i is the hydraulic gradient at the 
discharge zone and A is the area of the discharge zone. The hydraulic gradient is the 
average gradient between B51 and B57 (Figure 6.2) between 2000 and 2012 (DNRM 
2012), and the area is the width and depth of the Quaternary alluvium between B51 
and B57. 
(6.3)         QGW = K.i.A      (Fetter 2001) 
Chloride mass balance  
The CMB method has been widely applied in recharge estimation studies in a variety 
of hydrogeological settings (e.g. Wood and Sanford 1995; Cartwright et al. 2007; 
Ordens et al. 2012). The CMB method is applicable under the following 
circumstances: groundwater must be recharged exclusively by diffuse infiltration of 
rainfall, there is no runoff to or from the recharge area, Cl in groundwater is derived 
from precipitation and dry deposition (i.e. there are no other sources of Cl, such as 
halite, in the study area), and the system is in steady state. The method assumes that 
the Cl concentration of groundwater (GWCl) is related to the initial volume of 
precipitation (P) and the concentration (CP+D) of Cl in precipitation and dry 
deposition, as is described by the following equation (Wood and Sanford 1995): 
(6.4)         R = PCP+D/GWCL     
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Water-table fluctuation method (WTF) 
The WTF method uses the relationship between water-table rise and rainfall to 
estimate recharge. It can be calculated as follows (Healy and Cook 2002):  
 (6.5)          R = Sy.(∆h/∆t) 
where h is the water-table level and t is time. This method can be applied over 
different time scales, depending on data availability. However, the WTF method is 
most suitable for assessment of recharge in response to individual rainfall events to 
measure ‘total recharge’ (Healy and Cook 2002). Nonetheless, seasonal or annual 
water-table fluctuations may also be used to determine ‘net recharge’. For the 
estimation of recharge from individual rainfall events, the level of the extrapolated 
antecedent recession curve is subtracted from the peak of the water level rise (Figure 
6.4; Healy and Cook 2002).  
 
 
Figure 6.4: Determination of groundwater recharge using the water-table fluctuation method. Residual 
water level is the water-table elevation after the diurnal atmospheric pressure effects have been 
removed. The value for ∆h is determined from the subtraction of the extrapolated antecedent recession 
curve (blue dashed line) from the peak of the water level rise (after Healy and Cook 2002).  
 
The response of groundwater levels to rainfall can also be affected by the entrapment 
of air between the wetting front and the water-table. However, this phenomena, 
which is often termed the Lisse effect (Krul and Liefrinck 1946), usually only affects 
 134 Chapter 6: Paper 3 
sites where the difference between the water-table and the ground surface is less than 
1.0-1.3 m (Weeks 2002; Crosbie et al. 2005). The Lisse effect is unlikely to have 
impacted groundwater levels in this study, as groundwater levels were generally 
deeper than 1.3 m at the sites that were monitored during the study period. 
Furthermore, Cressbrook Creek remained saturated for the duration of the monitoring 
period, and the alluvial sedimentary material below the creek should therefore have 
been saturated for this period, thereby minimising the entrapment of air between the 
creek and the water-table. 
Prior to the application of the WTF method, the water level data were 
processed to remove water level fluctuations resulting from changes in atmospheric 
pressure, as barometric fluctuations exert areal pressure on water in the well and the 
aquifer. For confined aquifers, a step change in atmospheric pressure will result in an 
instantaneous response in the aquifer and the well (Spane 2002). This effect can be 
negated using a constant barometric efficiency (BE), as follows (Jacob 1940): 
(6.6)        BE = -ϒfc (∆hw/∆Pa) 
where ϒfc is the average specific weight of the groundwater in the well, ∆hw is the 
change in the water level in the well in response to the change in pressure and ∆Pa is 
the change in atmospheric pressure. However, for unconfined aquifers, this process is 
more complicated, because changes in atmospheric pressure are instantaneously 
transmitted to the well, but there is a time lag between the change in atmospheric 
pressure and its transmission to the water-table. Therefore, the initial response of the 
groundwater level often resembles that of a confined aquifer; however, the water 
level in the well returns to its unperturbed state after the pressure pulse has fully 
penetrated the unsaturated zone (Rasmussen and Crawford 1997; Spane 2002). These 
pressure effects can mask the response of water levels to rainfall, and they were 
therefore removed (e.g. Figure 6.4) using BETCO (Toll and Rasmussen 2007), a 
freely available computer program that removes barometric pressure effects using 
regression deconvolution.  
In this study, the WTF method is used to assess the correlation between daily 
rainfall and recharge between September 2010 and July 2012 at 15 groundwater 
monitoring bores, where pressure transducers recorded water levels at 15 minute 
intervals. It was often difficult to gauge the groundwater response to daily rainfall 
due to pumping of nearby abstraction wells, irrigation of crops in the vicinity of the 
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monitoring wells, faulty pressure transducers (i.e. flat battery), and overlapping 
rainfall response signals. The latter usually happened when the rainfall response 
occurred over several days, although this effect was somewhat ameliorated by 
grouping successive heavy rainfall events (typically two days) into single events at 
some sites. Therefore, the water level response to daily rainfall was assessed for 36 
specially selected rainfall events. Rainfall events that were selected for analysis were 
generally followed by periods of very little rain, which made interpretation of the 
rainfall response less ambiguous. This dataset was used to determine a straight line 
relationship between recharge and rainfall for each monitoring bore, as shown in 
Figure 6.5. This rainfall-recharge relationship was then applied to the historical daily 
rainfall dataset (1909 to 2012; BOM, 2013) to determine the average annual recharge 
at each site. The groundwater response to the flood event in January 2011 was not 
included in this analysis because the water-table response was much greater than 
would be normally expected due to the substantial amount of runoff generated. The 
water-table response to flooding will therefore be assessed separately. 
 
Figure 6.5: Straight line relationship between daily rainfall and the change in groundwater level (∆h).  
 
Groundwater age dating method (tritium) 
Tritium is a valuable tool for the identification of recent (<100 years old) recharge, 
due to its short half-life of 12.3 years. It is part of the water molecule and behaves 
conservatively. As a result, once the water molecule is isolated from the atmosphere, 
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the activity of tritium is not affected by interactions with the aquifer matrix, and it is 
instead controlled by radioactive decay (Cartwright and Morgenstern 2012). The 
tritium activities of groundwater are frequently used to qualitatively assess recharge 
(e.g. Kelly 1997; Eidem et al. 1999; Tomer and Burkart 2003; Hancox et al. 2010; 
Al-Charideh and Hasan 2013); however, studies that quantify recharge rates using 
groundwater ages are less common because the interpretation of tritium has been 
complicated by nuclear testing in the 1950s-1960s, which increased atmospheric 
tritium concentrations (Clark and Fritz 1997). As a consequence of the peak in 
atmospheric tritium levels from the bomb pulse, modelled groundwater ages have 
commonly produced non-unique ages, because atmospheric tritium concentrations 
decreased at a similar rate to radioactive decay. Therefore, time series data or 
complementary gas tracers were commonly deployed to constrain age estimates (e.g. 
Johnston et al. 1998; Katz et al. 2001; Zoellmann et al. 2001; Carlson et al. 2011). 
However, in the Southern Hemisphere, the remnant bomb pulse tritium activity has 
now decayed below the natural background and residence times can be calculated by 
applying an assumed flow model to a single tritium measurement (e.g. Cartwright 
and Morgenstern 2012).  
Once the average groundwater age has been determined, recharge can be 
estimated using the following equation (Vogel 1966; Walker and Cook 1991): 
(6.7)       R = (Ah.θ /t). In (Ah/Ah-z) 
where Ah is aquifer thickness, θ is porosity, or the specific yield, and z is the distance 
between the water-table and the top of the screened interval.  
In the study area, the application of an appropriate flow model is complicated 
by the hydraulic connection between the aquifer and the creek, as groundwater is 
likely to be recharged by both diffuse infiltration of rainfall and by channel leakage 
from the stream (King et al. 2014a). Therefore, average groundwater ages were 
assessed using two flow models: the partial exponential model (PEM) has been used 
to describe diffuse recharge (Figure 6.6a) and the piston flow model (PFM) was 
applied to the channel leakage component. The exponential piston flow model 
(EPM) was considered for application to the channel leakage component of recharge; 
however, the EPM ratio, which is the length of the area receiving recharge (x; half 
the creek width), divided by the length of area not receiving recharge (x*; Figure 
6.6b), was higher than 5 at all sites. Based on this, the PFM is considered the more 
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appropriate model for this system (Jurgens et al. 2012). The average age was 
modelled using TracerLPM (Version 1, Jurgens et al. 2012) under the assumption 
that: 1) all recharge is diffuse; and 2) all recharge occurs via channel leakage. For the 
latter, a constant tritium activity was assigned to the stream based on the 
measurements that were recorded during this study.  
Recharge is estimated using the following equation:  
(6.8)       R = Rd100% x Fd + RCL100% x FCL 
where, Rd100% is the total recharge assuming the site is recharge exclusively by 
diffuse infiltration of rainfall (PEM), Fd is the fraction of total recharge resulting 
from diffuse infiltration, RCL100% is the total recharge assuming the site is recharge 
exclusively by channel leakage, and FCL is the fraction of total recharge resulting 
from channel leakage (Fd + FCL = 1). The process for the estimation of the 
percentage of diffuse infiltration and channel leakage is described in the results 
section. This method, which in this paper will be referred to as the ‘tritium mixing 
method’, is a simplification of more complex processes; however, the estimates 
derived using this method are considered to be vastly more suitable than either of the 
end-member solutions (i.e. Rd100% and RCL100%).  
 
  
Figure 6.6: Conceptual models (Jurgens et al. 2012) describing groundwater recharge via: a) diffuse 
infiltration (partial exponential model) and b) channel leakage (piston flow model). The values for x* 
and x relate to the exponential piston flow model (EPM). The EPM was not used in this study because 
the EPM ratio (x/x*), was above 5 at all bores.  
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6.4 RESULTS 
6.4.1 Water budget method 
The average annual recharge of the Cressbrook Creek alluvium was estimated using 
Equation 2; as a first step, the parameters used in this equation were estimated. The 
value for Qpump was estimated from groundwater abstraction volumes recorded by the 
local regulator (DNRM, 2012). Based on this dataset, the median abstraction volume 
between 1997 and 2011 was 1.88 GL/year. Most of this irrigation water will be 
evapotranspired, but a small fraction will be returned to the aquifer. A 
hydrogeological investigation for the Bowen Irrigation Area (Queensland, Australia) 
estimated irrigation returns of 20%. The Bowen Irrigation Area has similar 
temperatures and rainfalls to the Cressbrook Creek catchment; however, surface 
water supplies are more plentiful. Therefore, the value of 20% for irrigation returns 
can be considered as a maximum for the more water-poor Cressbrook Creek 
catchment. Consequently, we estimate that between 0-20% of the irrigation water is 
returned to the aquifer. The broad range of values for irrigation returns reflects the 
uncertainty of the estimate. Based on this assessment, the value for Qpump ranges 
from 1.50 to 1.88 GL/year.  
The value for Qbf is calculated from the median flow volume of 3.66 GL/year 
recorded at CC3 (Figure 6.2; DNRM 2012). Cressbrook Creek is normally recharged 
by groundwater baseflow from the upper parts of the catchment, except during and 
after major rainfall events (Section 6.2.3). Surface water flow at CC3 therefore 
represents groundwater that has discharged into the creek in the upper parts of the 
catchment. A portion of this surface water leaks into the alluvial aquifer (channel 
leakage), and the remaining water will exit Cressbrook Creek via the Brisbane River 
(Qbf). During periods of low flow, most of this surface water flow will generate 
recharge to the alluvium in the lower parts of the catchment. However, during 
periods of high flow, the gradient between groundwater and the creek reverses in the 
lower parts of the catchment and the creek becomes a gaining stream (King et al. 
2014b). Because of the uncertainties involved in the estimation of Qbf, it is reported 
as a range of values, corresponding to a value of 40 to 60% of the average flow 
volume recorded at CC3 (Qbf = 1.46 to 2.20 GL/year).  
The final parameter, QGW, is estimated using Darcy’s law (Equation 3). The K 
estimate for this equation is based on the results of falling/rising head tests, 
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conducted at B44 and B51 (Table 6.1, Figure 6.2). The average hydraulic 
conductivity is 0.003 m/day, which is lower than in other parts of the study area due 
to the decreased velocity of the stream in this meandering part of the catchment. The 
hydraulic conductivity at B57, which is located adjacent to the Brisbane River, is 
several orders of magnitude larger than at B44 and B51 (Table 6.1). However, the 
hydraulic conductivity estimation from B57 was not used, because this more 
permeable zone may be associated with sediments deposited by the Brisbane River, 
and it is therefore unlikely to represent a highly permeable channel that facilitates 
flow from the Cressbrook Creek aquifer. The water balance method described here 
generates recharge estimates ranging from 41-56 mm/year (4.8-6.6% of average 
annual rainfall). 
6.4.2 Chloride mass balance (CMB) method 
The CMB method is described in Equation 6.4 (Section 6.3.4). The average annual 
precipitation at Toogoolawah, located near the centre of the study area, is 847 mm 
(BOM, 2013). Precipitation collected at Toowoomba, approximately 40 km to the 
southwest of the study area (Figure 6.1), has a weighted average Cl concentration of 
3.66 mg/L (Crosbie et al. 2012). While it is acknowledged that there is generally a 
large uncertainty involved in Cl concentrations of rainfall, this Cl concentration is 
considered as a suitable representation for the study area. In addition, it correlates 
well with the value of 3.9 mg/L derived using an empirical relationship between Cl 
fallout and distance from the coast (Hutton 1976).  
The CMB method was also applied to surface water analyses following the 
method described by Al-Charideh (2012), using samples that were collected from 
CC3 (Figure 6.2) between April 2000 and January 2009. During this period, there 
was no flow from Cressbrook Dam (Toowoomba Regional Council 2012) and the 
baseflow in Cressbrook Creek is therefore representative of groundwater recharge 
that was generated in the upper parts of the catchment. 
Assuming that all recharge is derived from direct infiltration of rainwater, 
recharge rates calculated from groundwater Cl range from 1-38 mm/year (Table 6.2). 
Results from the assessment of surface water at CC3 were between 33-43 mm/year, 
which is similar to estimates from the Upper Catchment calculated from groundwater 
Cl concentrations. 
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Table 6.1: Hydraulic conductivities from falling/rising head test in the alluvium at Cressbrook Creek 
catchment. The aquifer composition at each site has been estimated by comparing the hydraulic 
conductivities with documented values for unconsolidated aquifers (Kasenow 2006). 
Well 
Hydraulic conductivity 
(m/day) 
Aquifer composition at the 
screened interval Sy 
B74 17 medium sand 0.2 
B792 N/A fine sand - estimate 0.1 
B18 0.02 mixture of silt and clay 0.04 
B21 14 medium sand 0.2 
B90 50 coarse sand 0.2 
B89 30 coarse sand 0.2 
B158 22 coarse sand 0.2 
B36 9.5 medium sand 0.2 
B33 2 fine sand 0.1 
B37 0.015 mixture of silt and clay 0.04 
B93 25 coarse sand 0.2 
B82 7.5 medium sand 0.2 
B83 2.2 fine sand 0.1 
B51 0.005 mixture of silt and clay 0.04 
B44 0.001 mixture of silt and clay 0.04 
B57 4 fine sand 0.1 
Note: The specific yield (Sy) has been estimated based on documented values for fine sand and 
medium to coarse sand (Kasenow 2006). Samples determined to be a mixture of silt and clay were 
assigned a specific yield of 0.04, in correspondence with type-curve matching results for mixtures of 
clay, silt and fine sand (Prickett 1965). No falling/rising head tests were performed at B792; therefore, 
a value of 0.1 was assigned for Sy, corresponding to estimates for fine sand. 
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Table 6.2: Summary of recharge estimates calculated from the CMB method, assuming that 
groundwater is recharged entirely via diffuse infiltration. 
Well Diffuse infiltration of 
rainfall (mm/yr) 
% of average 
annual rainfall 
Distance from 
surface water 
(m) 
Catchment area 
B74 38 4.5 310 Upper 
B76 37 4.4 100 Upper 
B837 34 4.0 50 Upper 
B18 3 0.4 440 Mid 
B21 29 3.4 120 Mid 
B90 6 0.7 310 Mid 
B89 15 1.8 120 Mid 
B158 4 0.5 210 Lower 
B36 20 2.4 540 Lower 
B33 36 4.3 20 Lower 
B37 1 0.1 530 Lower 
B93 12 1.4 50 Lower 
B82 10 1.2 130 Lower 
B83 9 1.1 80 Lower 
B51 2 0.2 50 Lower 
B44 17 2.0 260 Lower 
B57 8 0.9 180 Lower 
CC3 33-43 3.9 to 5.1 N/A (surface water) 
 
6.4.3 Water-table fluctuation method 
The specific yield is a source of considerable uncertainty when using the WTF 
method (Healy and Cook 2002; Crosbie et al. 2005). For this study, the specific yield 
estimates for each monitoring well site have been assigned by matching the hydraulic 
conductivities with an appropriate unconsolidated sediment types presented in 
Kasenow (2006). Specific yields were then assigned according to documented values 
for “medium- to coarse-grained sand” (Sy = 0.2), “fine-grained sand” (Sy = 0.1; 
Kasenow 2006),  and “clay with silt” and “fine sand” as is described in Table 6.1 (Sy 
= 0.04; Prickett 1965).  
Recharge rates calculated using the WTF method (Figure 6.7) are 
significantly higher than those derived from the water budget method and the CMB 
method. For sites with low recharge rates, the estimates are less sensitive to the Sy 
estimate, but the uncertainty increases with the recharge rate (Figure 6.7, Table 6.3)  
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Figure 6.7: Recharge estimates calculated using the WTF method. The error bars represent estimates 
that are based on Sy values of ±25% (lower and upper bounds). The distance from the bore to the 
nearest surface water (SW), which is normally Cressbrook Creek, except for B57, which is located 
close to the Brisbane River.  
 
Table 6.3: Summary of recharge estimates calculated from the WTF method. Values for the upper and 
lower bounds are calculated using a Sy value that is ±25% of the values presented in Table 6.1. The 
lag time, as calculated during regression deconvolution, is also presented. 
Well 
Recharge 
(mm/yr) 
% of 
average 
rainfall 
Lower 
bounds 
Upper 
bounds 
Distance 
from 
surface 
water (m) 
Lag 
time 
(min) 
Catchment 
zone 
B74 132 16 99 165 310 90 Upper 
B792 161 19 121 202 90 60 Mid 
B18 34 4 26 43 440 1,440 Mid 
B21 140 16 105 175 120 90 Mid 
B90 90 11 68 113 310 435 Mid 
B89 189 22 142 237 120 105 Mid 
B158 267 31 200 334 210 90 Lower 
B36 114 13 86 143 540 1,440 Lower 
B33 270 32 202 337 20 525 Lower 
B37 0 0 0 0 530 N/A Lower 
B93 721 85 541 901 50 90 Lower 
B82 125 15 94 156 130 795 Lower 
B83 324 38 243 405 80 345 Lower 
B51 95 11 71 118 50 525 Lower 
B44 8 1 6 10 260 1,410 Lower 
B57 233 27 175 291 180 240 Lower 
Note: Values for the upper and lower bounds are calculated using a Sy value that is ±25% of the 
values presented in Table 6.1. ‘Distance from surface water’ is the distance between the well and the 
closest stream, which is normally Cressbrook Creek or the Brisbane River. Min means minutes. 
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The water-table response to flooding generally increased with distance 
downstream, probably due to the higher runoff in the lower parts of the catchment. 
Additionally, the water-table response was much higher than would have otherwise 
been predicted by the WTF method utilised in this study (Figure 6.8), particularly in 
low-lying areas that were inundated during the flood (e.g. B21, B90, B89, B158, B82 
and B57).  
 
 
Figure 6.8: Comparison between the maximum groundwater level response (∆h) during the flooding 
in January 2011 and the rainfall/recharge relationship that was determined using the WTF method. 
SW is surface waters, including Cressbrook Creek and the Brisbane River (B57 only). 
 
6.4.4 Recharge estimation using tritium 
Recharge estimates were calculated with tritium using three different conceptual 
hydrogeological models:  
1) Groundwater is recharged entirely by diffuse infiltration of rainfall;  
2) Groundwater is recharged entirely by channel leakage; and  
3) Groundwater is recharged from both diffuse infiltration of rainfall and channel 
leakage.  
King et al. (2014a) showed that the Cressbrook Creek alluvium is recharged 
by both diffuse recharge and channel leakage. The results from the first two 
conceptual hydrogeological models are therefore mainly presented to demonstrate 
the significance of choosing a realistic conceptual model (Figure 6.9). The 
application of the third procedure, the tritium mixing method, requires an 
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approximation of the percentage of diffuse recharge and channel leakage at each 
sampling site. This estimation is based on (Table 6.4): 1) the relative position in the 
catchment, as sediments of the Upper Catchment are predominately composed of 
highly permeable sands and the creek is mostly gaining, whereas in the Lower 
Catchment, sediments are more fine-grained and the creek is predominately losing; 
2) the groundwater gradient, as determined from water levels from the bores shown 
in Figure 6.2. Water level measurements include the pressure transducer data used 
for the WTF method and historic data from manual measurement from 1962 to 2010 
(DNRM 2012) and from 2010 to 2012 (this study); 3) geological, hydrochemical and 
isotopic evidence presented in other studies; and 4) a comparison of the 
recharge/rainfall, and recharge/stream flow relationships, as expressed by the R2 
value that was obtained using the WTF method (Section 6.4.3). There are no pressure 
transducer measurements available for well B76; therefore, recharge/rainfall and 
recharge/stream flow relationships are based on pressure transducer measurements 
collected at B74, which is located close to B76 (Figure 6.2). 
 
 
Figure 6.9: Recharge estimates based on tritium analyses and lumped parameter models. Recharge 
estimates are intermediate to those made using the two end-member processes, which are: 1) 100% 
diffuse infiltration; and 2) 100% channel leakage (CL). SW is surface waters (generally corresponding 
to Cressbrook Creek, except for at B57, which is located close to the Brisbane River).  
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Recharge estimates from the tritium mixing method range from <10 mm/year 
to >200 mm/year (Figure 6.9). Those wells with recharge of <10 mm/year are 
located distal to Cressbrook Creek, and/or they have low hydraulic conductivities 
(Table 6.1). 
 
Table 6.4: Factors affecting the proportion of recharge that comes from diffuse infiltration and 
channel leakage (CL), including estimations of the percentage of diffuse recharge versus channel 
leakage used for the tritium mixing method. The percentage of channel leakage generally increases 
with distance downstream, and with proximity to surface waters (SW) (generally Cressbrook Creek, 
except for B57, which is located close to the Brisbane River). 
Bore Area/distance 
to SW (m) 
GW/SW 
gradient 
Evidence from other 
studies 
R2, R vs 
rainfall 
R2, R vs 
stream 
Diffuse 
recharge 
B74 Upper / 310 ? Gaining stream, 
permeable UZ (K1, K2) 
0.71 0.47 N/A 
B76 Upper / 100 ? Gaining stream, 
permeable UZ (K1, K2) 
N/A N/A 100% 
B837 Upper / 50 Variable Permeable UZ N/A N/A 75-95% 
B792 Mid / 90 ? N/A 0.72 0.92 N/A 
B18 Mid / 440 Mostly losing Low CL (K1) 0.65 0.68 70-90% 
B21 Mid / 120 Mostly losing High CL 0.71 0.87 30-50% 
B90 Mid / 310 Variable Low CL (K1) 0.56 0.48 70-90% 
B89 Mid / 120 Variable High CL (K1) 0.68 0.49 70-90% 
B158 Lower / 210 Mostly losing Low CL (K1) 0.57 0.61 N/A 
B36 Lower / 540 Mostly losing Moderate CL (K1) 0.48 0.16 80-100% 
B33 Lower / 20 Mostly losing High CL (K1) 0.54 0.62 N/A 
B37 Lower / 530 Mostly losing Low CL (K1) N/A N/A 80-100% 
B93 Lower / 50 Mostly losing High CL (K1) 0.39 0.70 N/A 
B82 Lower / 130 Mostly losing High CL after flooding, 
low permeability UZ (K1) 
0.68 0.61 50-70% 
B83 Lower / 80 Mostly losing High CL after flooding, 
low permeability UZ (K1) 
0.55 0.59 30-50% 
B51 Lower / 50 Mostly losing High CL after flooding, 
thick low permeability 
UZ (K1) 
0.47 0.73 10-30% 
B44 Lower / 260 Mostly losing Low CL except after 
flooding; thick low 
permeability UZ (K1) 
0.81 0.38 75-95% 
B57 Lower / 180 Mostly losing Thick low permeability 
UZ 
0.52 0.63 10-30% 
Note: SW is surface waters; normally Cressbrook Creek, except for B57, which is located close to the 
Brisbane River. Upper, Mid and Lower refer to the different zones of the catchment, as described in 
Section 6.2.2. and Figure 6.2. CL is channel leakage. R is recharge. K1 refers to evidence presented in 
King et al. (2014a). K2 refers to evidence presented in King et al. (2014b). UZ is unsaturated zone.  
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Table 6.5: Summary of recharge estimates calculated from the tritium mixing method using lumped 
parameter models that describe flow derived from diffuse recharge and channel leakage. Values for 
the upper and lower bounds represent the uncertainty associated with estimating the proportion of 
recharge that is derived from diffuse recharge and channel leakage. 
Well 
Recharge 
(mm/yr) 
% of 
average 
rainfall 
Lower 
bounds 
Upper 
bounds 
100% 
diffuse 
100% 
CL 
Distance 
from SW 
(m) 
Catchment 
zone 
B76 211 25 211 211 211 843 100 Upper 
B837 252 30 241 264 235 352 50 Upper 
B18 4 0.5 3 5 2 11 440 Mid 
B21 128 15 121 135 85 156 120 Mid 
B90 71 8 64 78 57 126 310 Mid 
B89 553 65 519 587 485 824 120 Mid 
B36 25 3 23 27 23 59 540 Lower 
B37 14 2 13 15 13 36 530 Lower 
B82 110 13 97 122 61 183 130 Lower 
B83 82 10 75 90 37 112 80 Lower 
B51 4 1 4 5 1 5 50 Lower 
B44 7 1 5 9 4 23 260 Lower 
B57 80 9 72 88 16 96 180 Lower 
Note: CL is channel leakage. SW is surface water. 
 
6.5 DISCUSSION 
6.5.1 Recharge estimates 
Recharge estimates from the CMB method are significantly lower than those 
obtained using the other methods (Figure 6.10). It is not uncommon for estimates 
from the CMB method to be lower than those of other methods, as groundwater Cl 
concentrations often reflect the long-term and pre-land clearing recharge rate (e.g. 
Leaney and Allison 1986; Stone 1992; Kennett-Smith et al. 1994; Cartwright et al. 
2007). Additionally, the occurrence of channel leakage and overland flow conflicts 
with the inherent assumptions of the method. Similar low values are obtained using 
the tritium method when channel leakage is ignored (Figure 6.9). These recharge 
values underestimate recharge, highlighting the importance of applying a procedure 
that takes into account the different processes that operate in the hydrological system. 
This also highlights the importance of developing a conceptual hydrogeological 
model as the basis for recharge quantification.  
Recharge estimates obtained from the tritium mixing method and the WTF 
method are higher than estimates from the water budget method. Estimates from the 
water budget method are calculated using values that are more representative of 
periods of average rainfall. In contrast, recharge estimates from the WTF method and 
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the tritium mixing method are affected by antecedent rainfalls, and in the 12 months 
prior to groundwater sampling the Cressbrook Creek catchment received almost 
double the long-term average annual rainfall (1677 mm compared to 847 mm).  
Recharge estimates from the WTF method and the tritium mixing method are 
generally comparable, except for in wells that are located close to losing reaches of 
Cressbrook Creek in the Lower Catchment. This difference may partly be related to 
the presence of a low porosity layer near the water-table, which would result in the 
overestimation of recharge, as less water is required for the water-level to increase. 
Additionally, as discussed above, the WTF method generally assesses recharge 
during a relatively wet period. There is less surface water flow during dry periods, 
and consequently less potential for channel leakage. The latter is particularly 
important for the lower parts of the catchment. 
However, the above does not fully explain the extremely high recharge rates 
produced by the WTF method for wells near the creek. In those bores, recharge 
estimates from the WTF method include influxes resulting from bank storage, which 
is surface water that is temporally stored in the aquifer after a sudden rise in the level 
of the stream. However, most of this bank storage is returned to the stream when 
water levels return to ‘normal’ levels. This temporary storage is recorded as recharge 
by the WTF method, but it may not impact on the overall chemistry of the 
groundwater, and therefore may not be captured by methods which are based on the 
use of environmental tracers (i.e. tritium). Therefore, it is difficult to compare the 
results of the physical and chemical methods, as the WTF method records the total 
recharge (including “temporary” recharge), whereas the tracer-based estimation 
techniques more closely resemble net recharge estimates (Section 6.2.1). This 
fundamental difference between the WTF method and the tracer-based methods 
should be taken into consideration when they are used to understand groundwater 
recharge rates, particularly in relation to water resource planning investigations, or 
for groundwater model development in dynamic catchments where groundwater-
surface water interactions occur (Section 6.5.5). 
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Figure 6.10: Comparison of recharge rates estimated from the water budget method, the chloride mass 
balance (CMB) method, tritium mixing method and the water-table fluctuation (WTF) method. SW 
denotes to surface waters (i.e. Cressbrook Creek, except for B57, which is located close to the 
Brisbane River). 
 
6.5.2 Using regression deconvolution to assess hydraulic characteristics of 
aquifers 
The response of the groundwater level/aquifer system to atmospheric barometric 
fluctuations is dependent on factors such as the degree of aquifer confinement, 
hydraulic/storage characteristics, well/bore storage characteristics and skin effects 
(Rasmussen and Crawford 1997). The time lag between an atmospheric pressure 
change and the groundwater level response increases with decreasing permeability 
and increasing thickness of the unsaturated zone (Spane 2002). Therefore, time lags 
should be negatively correlated with recharge rates. There is no correlation between 
the time lag and recharge estimates from the CMB method (R2 = 0.02). However, as 
discussed in Section 6.5.1, the CMB method is not applicable for recharge estimation 
in this catchment. In contrast, there is a weak to moderate correlation between the 
time lag and: 1) recharge estimates from the WTF method (R2 = 0.25), and 2) the 
tritium mixing method (R2 = 0.29), indicating that regression deconvolution may 
have the potential to be used to qualitatively describe recharge potential for 
unconfined aquifers. It should also be noted that there is a positive correlation 
between the time lag and the distance from streams (Figure 6.11b, R2 = 0.42), 
suggesting that the pressure pulse penetrates the unsaturated zone via the stream 
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channel, as the relatively fine-grained sediments capping the alluvium have been 
incised by the stream. This observation correlates well with the work of Hussein et 
al. (2013), which was conducted in semi-confined, unconsolidated aquifers. They 
concluded that the barometric pressure response function was sensitive to the 
presence of highly conductive vertically oriented structures located within several 
hundred metres from the borehole. The conceptual hydrogeological model is 
important for interpretation of the relationship between time lag and aquifer recharge 
potential. For example, where the stream is gaining, the aquifer is predominately 
recharged by diffuse infiltration, but the time lag may be influenced by the incised 
channel. The relationship between recharge and time lag is used to support the 
conceptual hydrogeological model in the following section. 
 
 
Figure 6.11: Comparsion of time lag versus: a) recharge estimates obtained using the tritium mixing 
method (tritium) and the water-table fluctuation (WTF) method; b) distance from surface water; and c) 
distance from surface water for wells in the Lower Catchment. 
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6.5.3 Spatial distribution of recharge 
Upper Catchment 
The time lag estimated from regression deconvolution (Section 6.5.2) at B74 (Figure 
6.2) is short (90 min) even though this well is located approximately 310 m from 
Cressbrook Creek, indicating that the unsaturated zone is relatively permeable. As a 
result, recharge estimates for the Upper Catchment are generally high, ranging from 
132-252 mm/year (excluding the results from the CMB method; Figure 6.10), with 
an average of 198 mm/year, which is approximately 23% of the average annual 
rainfall (Figure 6.12). This equates to approximately 2,970 ML/year, assuming the 
area of the Upper Catchment is approximately 15 km2. Cressbrook Creek is generally 
a gaining stream in the Upper Catchment (King et al. 2014a), but groundwater 
hydrographs from wells near B837 (Figure 6.2) show that some reaches change from 
losing to gaining, depending on rainfall volumes and bank storage processes. 
However, channel leakage is not a major component of recharge. 
Mid Catchment 
Groundwater hydrograph assessment suggests that Cressbrook Creek is typically a 
losing stream in the Mid Catchment, except after high flow events, when bank 
storage processes cause a reversal of the groundwater/surface water gradients. This is 
supported by a hydrochemical assessment which indicates that interactions between 
surface water and groundwater influence the quality of alluvial groundwater in the 
Mid Catchment (King et al. 2014a). Furthermore, time lags (Section 6.5.2) at wells 
located close to the creek (B792, B21 and B89; 60, 90 and 105 minutes, respectively) 
are much shorter than those for wells located distal to the creek (B18 and B90; 24.5 
and 7.25 hours, respectively). Therefore, changes in atmospheric pressure are 
probably transmitted through streambed sediments rather than through the 
unsaturated zone near the well. This suggests that the unsaturated zone near the wells 
is relatively impermeable compared to the stream channel sediments, where the creek 
has incised the low permeability sediments at the top of the alluvium.  
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Figure 6.12: Spatial variability of recharge rates in the Cressbrook Creek alluvial system. Recharge 
rate estimates in the Catchment Headwaters, the Upper Catchment and the Mid Catchment are based 
on the WTF method (Table 6.3) and the tritium mixing method (excluding the anomalously high value 
at B89; Table 6.5). In the Lower Catchment, recharge rate estimates are based on the results of the 
tritium mixing method only (see Section ‘Lower Catchment’).   
 
The effect of channel leakage is demonstrated by recharge estimates for the 
Mid Catchment. Recharge estimates are relatively high for those wells located close 
to the creek (B972, B21 and B89), ranging from 128 to 553 mm (excluding CMB 
method, Figure 6.10). However, the value of 553 mm/year, which was obtained from 
well B89 using the tritium mixing method, is considered anomalously high, and it 
has therefore not been used to calculate the average recharge, which is 155 mm/year, 
corresponding to approximately 18% of the average annual rainfall (Figure 6.12). 
This anomalously high recharge value is due to its extremely high tritium activity, 
which is only slightly less than that of average rainfall (1.66 and 1.7 TU, 
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respectively). Conversely, recharge rates are much lower for those wells located 
distal to the creek (B18 and B90), with estimates ranging from only 4 to 90 mm 
(excluding CMB method, Figure 6.10), with an average of 50 mm/year, which is 
approximately 6% of the average annual rainfall (Figure 6.12). The regions located 
proximal and distal to the creek are approximately 7 km2 and 10 km2 respectively. 
Based on this, the recharge rate at the region located proximal to the creek is 
approximately 1,085 ML/year, and the region located distal to the creek is recharged 
at a rate of approximately 500 ML/year. 
Lower Catchment 
In the Lower Catchment, Cressbrook Creek is predominately a losing stream 
although the groundwater gradient reversed near B93 following the flood of January 
2011 due to bank storage processes. Bore logs (DNRM 2012) and a three-
dimensional geological model of the alluvium (King et al. 2014a) indicate that the 
unsaturated zone predominantly consists of low permeability sediments in this part of 
the catchment. This is supported by the time lag response to regression 
deconvolution  (Section 6.5.2), which shows that time lag and distance from surface 
waters are positively correlated (Figure 6.11c; R2 = 0.47). This indicates that pressure 
is propagated more readily through the more permeable sediments of the stream 
channel.  
Interestingly, recharge estimates based on the WTF method are much higher 
than those from the tritium mixing method, especially for those wells located close to 
the creek. Recharge rates that are determined using the WTF method are extremely 
variable, ranging from 8 to 721 mm/year. However, estimated recharge rates at most 
sites range from 95 to 270 mm/year. In contrast, recharge estimates from the tritium 
mixing method range between 4 to 110 mm/year. The lowest recharge values are 
recorded at B44, B51 and B37; these wells are screened in low permeability 
sediments (Table 6.1), which appears to limit recharge at these sites. For other wells, 
the WTF method generated recharge rates in excess of >200 mm (B158, B33, B93, 
B83 and B57). However, recharge rates determined by the tritium mixing method are 
generally much lower at these sites (Figure 6.10).  
The reason for the difference in recharge estimates is probably that the WTF 
measures total recharge, whereas age dating tracer methods do not account for 
temporary recharge from bank storage processes (Section 6.5.1). Therefore, the large 
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discrepancy between recharge estimates from the WTF method and the tritium 
mixing method probably reflect the high rate of bank storage in the Lower 
Catchment. This is supported by hydrographs from the wells with elevated recharge 
rates, which show significant increases in water levels following the flood of January 
2011 (∆h>3.5, Figure 6.8). Moreover, the WTF method generated elevated recharge 
rates for wells where water-table fluctuations were more closely correlated with 
stream flow than rainfall. In addition, groundwater gradients reversed following the 
flood, indicating that this recharge is predominately temporary in nature (i.e. bank 
storage). Therefore, the recharge estimates for the Lower Catchment (Figure 6.12) 
are based on the results of the tritium mixing method, as the WTF method appears to 
overestimate recharge in this part of the catchment.  
Recharge rates are generally higher near Cressbrook Creek, except for the 
area directly downstream of a recharge weir near well B51 (Figure 6.10 and Figure 
6.12). The water level in the creek drops by approximately 2 m downstream of the 
weir, and the creek appears to become a gaining stream. This assessment of the 
gaining/losing condition of the creek is supported by observations of iron oxide  
precipitation at the base of the river bank downstream of the weir, which indicates 
that Fe-rich groundwater is discharging into the creek. As a result, the region 
immediately downstream of the weir is not included in the high recharge area that 
surrounds the creek (Figure 6.12). Recharge rates for wells located close to the creek 
(excluding B51) range from 80 to 110 mm/year, with an average of 91 mm/year, 
which is approximately 11% of the average annual rainfall (Figure 6.12). Recharge 
rates are lower in the area distal to the creek and the area immediately downstream of 
the well, ranging from 4 to 25 mm/year with an average of 13 mm/year 
(approximately 2% of the average annual rainfall). Assuming that the area of the 
regions located proximal and distal to the creek are approximately 15 km2 and 26 
km2 respectively, recharge rates of around 1,365 ML/year and 338 ML/year can be 
expected. 
6.5.4 Catchment recharge 
Catchment-wide recharge is calculated using the average recharge rates presented in 
Figure 6.12. The estimated annual recharge for the alluvial system of Cressbrook 
Creek is approximately 6,300 ML/year (corresponding to approximately 86 mm/year 
or 10% of average annual rainfall). This is significantly higher than estimates of 
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3,000 to 4,100 ML/year derived from the water budget method (41 to 56 mm/year, or 
5 to 7% of average annual rainfall). This difference is due to the influence of extreme 
rainfall events during and prior to the measurement of groundwater recharge rates. 
For example, for the 12 months prior to groundwater sampling, the catchment 
received approximately double the average annual rainfall (1677 mm compared to 
847 mm). These heavy rainfalls primarily affected the recharge rates that were 
obtained using the WTF method and the tritium mixing method, highlighting the 
variability in recharge estimates that result from variable antecedent rainfall 
conditions.   
6.5.5 Limitations of the methods and implications for resource management 
Recharge estimates are an important consideration for management of water 
resources, and it is generally difficult to estimate recharge accurately. As a result, in 
many hydrogeological investigations or where groundwater numerical models are 
developed, the recharge component accounts for a high degree of the uncertainty. 
Obtaining realistic recharge rates is particularly important in dynamic catchments 
where alluvial aquifers are highly interconnected with streams, as groundwater 
recharge processes are often diverse and vary both temporally and spatially. 
Therefore, it is essential to understand how recharge was estimated, what 
assumptions the method requires and what processes are included. In this study, the 
results from the CMB method are considered unrepresentative for most of the 
catchment, largely because the catchment is subject to overland flow and recharge 
via channel leakage; indications are that recharge estimates from the CMB method 
significantly underestimate the actual recharge. Similarly, recharge rates that were 
calculated using tritium were also comparatively low when recharge was assumed to 
be derived exclusively from diffuse infiltration of rainfall. However, in this study, 
local knowledge of the hydrodynamics provided invaluable information which 
helped to approximate the contribution of channel leakage and allowed use of the 
tritium mixing method.  
Limitations to the tritium mixing method include the uncertainties involved 
with the variations in the tritium concentration of rainfall, which can generate errors 
in the order of 1 year, as suggested by a comparison of tritium in rainfall from 
different stations in Australia (Cartwright and Morgenstern 2012). Further 
uncertainties include those that result from variations in the tritium concentration of 
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the creek, departures between the assumed flow model and the actual flow system, 
and errors relating to the estimation of the porosity of alluvial material. 
The WTF method is different to the tracer methods which were applied in this 
study, because all influxes to the aquifer are integrated directly. Therefore, recharge 
estimates for the Lower Catchment, where groundwater is stored temporarily as bank 
storage, were far higher than expected. While bank storage provides a significant 
irrigation resource for landholders in this region, much of this groundwater 
component is not utilised because it is returned to the creek. Therefore, recharge 
estimates that are obtained using this method may overestimate the yield of the 
aquifer.  
It is also important to recognise the influence of climatic conditions on 
recharge estimation. This study was conducted during a period of elevated rainfall 
following a severe flood. Antecedent rainfall can significantly affect diffuse 
recharge, as water infiltrates more easily through the unsaturated zone if it already 
contains moisture (Richards 1931). Furthermore, other processes can have a 
significant influence on recharge estimates. For example, in the lower part of the 
catchment, channel leakage is the dominant recharge process, and creek flow may 
cease completely during dry periods (Figure 6.3), leading to a significant decrease of 
recharge. Therefore, as demonstrated during this study, recharge may be over-
estimated when it has been evaluated during unusually wet climatic conditions. 
The methods employed here have ignored the effects of seepage from 
bedrock aquifers to the alluvium. While bedrock seepage to the alluvium has been 
identified at some sites in this catchment by King et al. (2014b), this process is 
unlikely to contribute significantly to alluvial aquifer recharge at most sites, and 
particularly during periods of flooding or above average rainfall, but it may be an 
important consideration at sites with low recharge rates or during droughts. 
Moreover, if the chloride concentration of the bedrock seepage is different from the 
alluvial water it is discharging into, this process may impact on the results from the 
CMB method. 
6.6 CONCLUSIONS 
This paper demonstrates that an understanding of hydrogeological processes is 
essential to obtain realistic recharge rates, particularly in catchments with ephemeral 
or intermittent streams, as bank storage processes are common in these systems. Four 
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methods of recharge estimation were applied and compared in the alluvial system of 
Cressbrook Creek (southeast Queensland, Australia) and a conceptual 
hydrogeological model was used to determine which techniques best characterise 
recharge to this alluvial aquifer system.  
Estimates of total recharge for the alluvial system of Cressbrook Creek were 
variable, depending on the method of investigation. The water budget method 
generated recharge estimates of approximately 41-56 mm/year (corresponding to 5-
7% of average annual rainfall), representing the hydrological conditions that 
occurred during periods of average rainfall. Recharge estimates from the tritium 
mixing method and the water-table fluctuation (WTF) method were variable, as a 
result of local hydrogeological factors, such as the geology or the distance from the 
creek. Based on recharge estimates from these methods, the total recharge for the 
catchment is approximately 86 mm/year (corresponding to 10% of average annual 
rainfall). This estimate is higher than those of the water budget method, probably due 
to extreme rainfall events prior to and during the period of measurement. This 
highlights the effect that variations in rainfall can have on recharge estimates that are 
obtained using chemical tracers (i.e. tritium) and the WTF method.    
There are significant spatial variations in recharge rates and mechanisms, 
which are broadly comparable to other alluvial systems in similar geological and 
climatic settings. In the Upper Catchment, groundwater is predominately recharged 
by diffuse infiltration of rainfall, and the average recharge rate was 198 mm/year. In 
the Mid Catchment, recharge rates vary depending on proximity to the creek, 
highlighting the importance of channel leakage for the replenishment of the aquifer. 
For wells distal to the creek, the average recharge rate was 50 mm/year. For wells 
located close to the creek, the average recharge rate was 155 mm/year. There is less 
groundwater recharge in the Lower Catchment, due to the low permeability 
sediments of the upper layers of the alluvium. The average recharge rate for wells 
located distal to the creek in the Lower Catchment was 13 mm/year. Recharge rates 
were higher for wells located close to the creek, with an average of 91 mm/year.  
This comparative study demonstrated that: 1) the water budget method 
provides useful approximations of recharge/discharge fluxes; 2) the chloride mass 
balance (CMB) method is not applicable in this setting due to the effects of overland 
flow and channel leakage; 3) the tritium mixing method is an appropriate technique, 
provided that the percentage of channel leakage and diffuse infiltration of rainfall can 
 Chapter 6: Paper 3 157 
be accurately estimated; and 4) the WTF method may not be suitable in settings 
where bank storage occurs. For the WTF method, bank storage is treated as recharge; 
however, most of this ‘recharge’ is returned back to the creek. Therefore, it would be 
misleading to use this value in numerical models or to assign abstraction allocations 
in settings where bank storage is prominent. Conversely, this temporary water 
storage (bank storage) is not always measured by tracers, such as tritium. As a 
consequence, results from the WTF method were not included in the estimates of 
recharge for the Lower Catchment where bank storage is widespread. Another 
important outcome of this study is that the groundwater level time lag response to 
changes in atmospheric pressure can be used to qualitatively assess recharge 
potential, recharge processes and aquifer vulnerability. In addition, this study 
highlights the significance of incised stream channels to the assessment of these time 
lags, as these channels facilitate pressure exchanges between the aquifer and the 
atmosphere.  
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Chapter 7: Discussion  
Climate variability is now recognised as having a substantial impact on hydrological 
processes of both surface- and groundwater systems (Green et al. 2011; Barron et al. 
2012; Dawes et al. 2012; Arnell and Gosling 2013). As a consequence of this, there 
is a need to understand the interaction between these two components for effective 
management of resources. In this study, the Cressbrook Creek catchment is used as a 
test site to assess methodologies, which can be used to evaluate these interactions, as 
well as other important hydrological processes. The catchment is in subtropical 
southeast Queensland, an area that has a humid, subtropical climate, with wet, hot 
summers and dry mild winters (Harms and Pointon 1999). Most of the precipitation 
falls during the summer months (December to February), whereas only around 14% 
of the annual precipitation falls in the winter months (Station number 040205, BOM 
2012).  
The main aim of the study is to describe hydrological processes associated 
with the alluvial aquifer system of the catchment, particularly in relation to: 
1) The assessment of surface water-groundwater interactions;  
2)  The impact of flood / drought cycles (climatic variability) on groundwater 
quality and storage; 
3) Seepage from underlying bedrock aquifers; and  
4) The understanding and quantification of diffuse recharge and channel 
leakage.  
It is difficult to identify and evaluate many of these hydrological processes, as 
they cannot be directly measured, and indirect methods are therefore applied (de 
Vries and Simmers 2002). The methods presented in this thesis can be applied to 
other settings. Methods that focus on the interactions between surface- and 
groundwater are particularly relevant, due to the recent emphasis on managing these 
water reserves as a single resource, rather than as two separate entities. Moreover, 
with the predicted increase in climate variability, it is becoming increasingly 
important to understand the impacts that drought and flood cycles have on surface- 
and groundwater resources.  
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The findings presented in this thesis are based on an assessment of historical 
hydrochemical data and groundwater level measurements from the DNRM 
groundwater database (2012) and data collected as part of this study. The DNRM 
dataset was largely recorded during a period of drought. In contrast, the information 
collected as part of this study included surface- and groundwater hydrochemical data 
from 35 sites that were sampled approximately 6 months after a severe flooding 
event in January 2011, together with surface- and groundwater levels from pressure 
transducers recorded at 15 minute intervals at 15 sites, and manual measurements 
from 19 sites throughout the catchment.  
The setting and results of the study are presented as three papers, which 
provide a new understanding of hydrogeological processes within the alluvial aquifer 
system of Cressbrook Creek. In the first paper, a multivariate statistical analysis of 
hydrochemistry enabled assessment of interactions between alluvial groundwater and 
the Cressbrook Creek drainage system. Hierarchical cluster analyses and principal 
component analysis were applied to time series data to evaluate the hydrochemical 
evolution of groundwater during periods of extreme drought and severe flooding. A 
simple three-dimensional geological model was developed to conceptualise the 
catchment morphology and the stratigraphic framework of the alluvium. This 
integrated approach is rarely used (e.g. Raiber et al. 2012), and enables effective 
interpretation of hydrological processes and can be applied to a variety of 
hydrological settings to synthesise and evaluate large hydrochemical datasets.  
In Paper 2, the hydrological response to flooding was further investigated 
using multiple isotopes (δ2H, δ18O, 87Sr/86Sr, tritium and 14C) in conjunction with a 
comprehensive hydrochemical assessment. This approach also enabled identification 
of groundwater seepage from the underlying and highly diverse bedrock aquifers. In 
particular, this study demonstrated the value of time series analyses of rainfall stable 
isotopes for the identification of hydrological processes that resulted from flooding, 
such as aquifer recharge and the generation of baseflow. The approach used also 
highlights how silicate stability diagrams, theoretical evaporation curves and 
saturation indices can be applied. These methods proved to be valuable as tools to 
better understand hydrochemical processes and inter-aquifer mixing, particularly 
when the results from the hydrochemical assessment are compared and contrasted to 
the isotope evaluation. 
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In Paper 3, recharge rates were assessed using multiple methods, including 
the water budget method, the chloride mass balance method, tritium, and the water-
table fluctuation method. The study demonstrated the importance of a valid 
conceptual hydrogeological model for the selection of the appropriate recharge 
estimation techniques and the interpretation of recharge rates. The advantages and 
disadvantages of each method were discussed in relation to the hydrological setting, 
with particular emphasis given to the interactions between the stream and the 
aquifer/s.  
Another significant outcome of Paper 3 was the investigation of regression 
deconvolution for the qualitative assessment of recharge potential. The lag time, 
which is the time it takes an atmospheric pressure perturbation to diffuse through the 
unsaturated zone, is directly related to the thickness and transmissivity of the 
unsaturated zone. It is shown that this relationship can be used to qualitatively assess 
recharge rates; however, caution is required, as the pressure pulse appears to be 
transmitted through the stream channel where low permeability sediments of the 
upper layers of the alluvium are incised by the stream. This study in general validates 
the use of regression deconvolution for the qualitative assessment of recharge, 
although further assessment of this relationship is recommended, particularly in 
relation to the effects of incised stream channels. 
To obtain a more holistic view of the catchment and its components the main 
features and outcomes of the different studies are summarised as follows.  
7.1 HYDROSTRATIGRAPHY OF THE ALLUVIAL AQUIFER 
The development of a 3D geological model is considered an important first step for 
hydrogeological studies (e.g. Artimo et al. 2008; Kessler et al. 2009; Royse et al. 
2010; Raiber et al. 2012; Cox et al. 2013), as the 3D construct provides a framework 
for future investigations. The alluvium of Cressbrook Creek is characterised by a 
fining-upwards sequence. The structure of this complex, multi-layered alluvial 
aquifer system was simplified into two layers, based on sediment grain size 
assessment (Figure 4.8), providing a basis for the assessment of hydrological 
properties of the alluvium. The basal coarse-grained layer consists mostly of sands 
and gravels, whereas the upper low permeability layer is primarily composed of fine-
grained sediments such as silts and clays. This fining-upwards sequence is 
characteristic of many alluvial systems in eastern Australia, such as those at Cooper 
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Creek (e.g. Cendón et al. 2010), the upper Condamine Valley and the Lockyer Valley 
(Cox et al. 2013), largely due to diminishing surface water flows in the late 
Quaternary (Knighton and Nanson 2000; Maroulis et al. 2007; Nanson et al. 2008). 
The thickness of the upper low permeability layer increases with distance 
downstream, whereas the thickness of the basal high permeability layer decreases 
down-gradient. These variations support the finding that the lower parts of the 
catchment receive less diffuse recharge than the upper parts. 
In the current study, the 3D geological model provided a geological and 
stratigraphic context for the assessment of hydrological processes, including direct 
recharge (i.e. diffuse infiltration through the unsaturated zone), based on the 
distribution of fine and coarse grained sediments. Recharge in the lower parts of the 
catchment would be expected to be restricted by the thick low permeability layer, 
and this was confirmed in Paper 3. This methodology can be transferred to other 
similar alluvial settings in eastern Australia and elsewhere.  
7.2 ORIGIN OF SOLUTES AND HYDROCHEMICAL EVOLUTION 
The chemical composition of any natural water is directly related to antecedent 
chemical reactions, which result in the dissolution and precipitation of solutes. An 
understanding of these antecedent chemical reactions can be used to confirm or 
assess conceptual models of hydrological processes (Hem 1985). In the case of this 
study, the hydrochemical evolution of alluvial groundwater was assessed to 
determine hydrological processes, including mixing of different waters, and to 
support and guide other aspects of the study, together with the application and 
interpretation of isotopic tracers.   
Alluvial groundwaters here are fresh to brackish with no dominant major 
cation and low SO4 concentrations (Figure 5.5). Alluvial groundwaters generally 
evolve with distance downstream and with distance from the creek. This evolution is 
marked by an increase in salinity, longer groundwater residence times and higher 
Cl/HCO3 ratios. The more chemically evolved groundwaters have probably also been 
subjected to higher degrees of evapotranspiration. Evaporation processes are evident 
from stable isotopes measurements (δ2H, δ18O), which show that all ground- and 
surface water samples collected during this study are displaced to the right of the 
Brisbane and Toowoomba MWL (Figure 5.8a). This finding is in agreement with 
studies from other catchments in southeast Queensland (e.g. Cox and Wilson 2005, 
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Wolf 2013, Dafney and Silburn 2014), and with pan evaporation rates for the 
catchment, which far exceed the average annual rainfall, typically 1800 mm relative 
to 840 mm. In addition to evaporation, transpiration also appears to be an important 
control of groundwater salinity in some areas, as documented by significantly 
elevated Cl concentrations of some samples accompanied by stable isotope 
signatures that reflect only moderate effects of evaporation.  
However, Mg and Ca concentrations of some samples are higher than would 
be expected from evaporation alone, based on modelled evaporation curves from 
fresh water samples from the Upper and Lower Catchment (Figure 5.6). Similarly, 
Na concentrations are lower than expected from the evaporation curve, suggesting 
that the groundwater composition of these samples has been influenced by 
interactions with aquifer materials. As carbonate rocks are absent in this catchment, 
weathering of silicate minerals appears to be the most likely source of these “excess” 
dissolved ions. This conclusion is also supported by a moderate correlation between 
tritium and the saturation indices (SI) of albite (R2 = 0.45; Figure 5.9d), compared to 
the weak correlation between tritium and calcite SI (R2 = 0.24; Figure 5.9e). 
Furthermore, many of these more evolved waters have Ca/HCO3 ratios (and 
Mg/HCO3 ratios) that are higher than the 1:2 molar ratio that could be expected from 
the dissolution of carbonates alone (Figure 5.6; Appelo and Postma 2005).  
It is likely that this increase in Ca and Mg is augmented by dissolution of 
mafic minerals such as olivine, pyroxene and anorthite, which are commonly present 
in basaltic rocks such as those in the Mid to Upper Catchment (Palaeozoic rocks; 
Figure 2.5). Alluvial sediments eroded off these basalts are a potential source of Ca 
and Mg for alluvial groundwaters and surface waters in the lower part of the 
catchment. This is supported by XRD analyses, which show that there are significant 
amounts of smectite in weathered sediments sampled from the downstream Lake 
Wivenhoe (Figure 2.1; Douglas et al. 2007), and silicate stability diagrams (Figure 
5.7) demonstrate that the smectite is probably the result of the weathering of Ca-rich 
minerals such as anorthite. 
7.3 SURFACE-AND GROUNDWATER INTERACTIONS AND IMPACT 
OF DROUGHT AND FLOOD 
The study area was subjected to severe climate extremes in recent years, including an 
extended drought from the late 1990s through to approximately 2009, followed by 
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heavy rains, which culminated in a 1% annual exceedance probability (AEP) flood in 
January 2011 (Babister and Retallick 2011). This event provided a unique 
opportunity to study groundwater recharge processes that result from episodic 
flooding. 
The MSA evaluation of time series hydrochemical data (Paper 1) and the 
multi-isotope assessment (Paper 2) show that the alluvial aquifer system provides 
baseflow for streams in the Upper Catchment. However, the relationship between 
Cressbrook Creek and the alluvial aquifer is more complex in the Mid and Lower 
Catchment. Groundwater gradients from this part of the catchment show that the 
stream is variably gaining-losing, depending on antecedent rainfall (Figure 2.7 to 
Figure 2.11). Nonetheless, channel leakage is still vital for maintaining groundwater 
storages and quality, as is reflected in increased groundwater salinity with distance 
from the stream (Figure 5.3). This is further illustrated by groundwater response to 
flooding, which was captured by pressure transducers that were installed in the 
Lower Catchment in late 2010. During the flood of January 2011, groundwater levels 
responded more rapidly and the increase in groundwater levels was greater in wells 
located close to the creek (Figure 2.7 and Figure 2.11). Even during periods of 
drought, groundwater quality in the Mid Catchment was maintained by intermittent 
surface water flows and the associated channel leakage. However, in areas located 
distal to the creek groundwater became more saline during the drought, whereas in 
the Lower Catchment, groundwater generally became more saline during the 
drought, regardless of the distance from the creek, indicating that channel leakage 
was minimal during this period.  
Following the heavy rain and flooding of 2010 and 2011, groundwater quality 
in the Lower Catchment improved significantly as a result of channel leakage (Figure 
4.15). The flood event generated amounts of groundwater recharge that were well in 
excess of those which would be expected from the rainfall–recharge relationship 
determined using the WTF method, particularly in the Mid to Lower Catchment 
(Figure 6.8). This result highlights the importance of channel leakage processes in 
the Mid to Lower Catchment and the significance of flooding and periods of high 
surface water flow for the generation of recharge, particularly in the Lower 
Catchment. The latter is confirmed by the stable isotope assessment of groundwater, 
coupled with an evaluation of time series rainfall isotopes, which showed that 
groundwater in the Lower Catchment is significantly influenced by flood-generating 
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rainfall (Figure 5.8a). As was mentioned above (Section 7.1), diffuse recharge is 
restricted by the thick, low permeability sediments that cover the basal high 
permeability sediments of the alluvium, but these low permeability sediments are 
incised in some places by Cressbrook Creek. Therefore, in those areas the alluvium is 
recharged more easily through the creek bed. Furthermore, during periods of 
flooding and high stream-flow, rates of channel leakage are increased due to a 
combination of: 1) the enhanced permeability of the creek bed during the flood, due 
to scouring of the clogging layer by high velocity flows (e.g. Cendón et al. 2010; 
Simpson and Meixner 2012); 2) the enlarged pathway between surface- and 
groundwater, due to the increased width of the creek and the saturated zone beneath 
it (e.g. Lange 2005); and 3) the increased head gradient between the creek and the 
stream (e.g. Rushton and Tomlinson 1979). 
7.4 BEDROCK SEEPAGE 
Bedrock seepage was identified at several sites in the lower part of the catchment in 
areas where the unsaturated zone is thick and/or the hydraulic conductivity is low 
(Paper 2). This conclusion was based on a detailed assessment of hydrochemistry and 
multiple isotopes. More specifically, bedrock seepage was identified using the 
following key indicators: 1) the hydrochemical similarities between groundwater 
samples collected from the alluvium and the bedrock (Figure 5.5); 2) low tritium 
activities (Table 5.3); 3) 14C activities and δ13CDIC composition, which indicated that 
these groundwater samples may have received seepage from bedrock groundwater 
with long residence times (Table 5.3); and 4) 87Sr/86Sr ratios of these samples, which 
were similar to the bedrock aquifers that they overlie (Figure 5.9a). This 
comprehensive, integrated approach was successfully applied to identify 
interconnectivity between adjacent aquifers in a complex setting. This approach can 
be transferred to other settings to identify similar mixing processes.  
It is recommended that the sites affected by bedrock seepage should be 
monitored to examine the effect, if any, that bedrock seepage has on groundwater 
quality. This seepage is particularly relevant during dry periods when the alluvial 
groundwater levels are low, and when irrigation pumping continues, as bedrock 
seepage is likely to increase due the enlarged hydraulic gradient between the two 
aquifers. The influx of poor quality groundwater, which is often associated with 
bedrock aquifers, may negatively impact on the water quality of the alluvial aquifer. 
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Therefore, it is important to identify and monitor areas where bedrock seepage 
occurs. 
It is acknowledged that the highly diverse bedrock hydrochemistry was not 
assessed in detail. However, this was not the intention of the study, as hydrochemical 
information from the bedrock was limited and not all of the geological formations 
were represented. This study showed that bedrock seepage to the alluvium can be 
identified using samples from the alluvium, without a comprehensive hydrochemical 
dataset from the bedrock. This is an important finding, as hydrochemical information 
from the bedrock is often unavailable and drilling monitoring wells is usually 
prohibitively expensive.  
7.5 RECHARGE RATES 
Estimates of recharge rates to the alluvium varied depending on the approach used, 
because the assumptions that underlie each method are distinctly different. This is 
particularly relevant for alluvial aquifers with an interconnected stream, as the 
contributions from channel leakage and bank storage can be significant (Scanlon et 
al. 2002). It is for this reason that the results from the chloride mass balance (CMB) 
method were ignored, as this method is invalid for aquifers where channel leakage is 
prominent (Wood and Sanford 1995). Similar assumptions normally apply when 
tritium is used to determine recharge; however, in this study, channel leakage was 
incorporated into the assessment of recharge using a novel mixing approach (tritium 
mixing method). Recharge estimates from the water-table fluctuation (WTF) method 
are extremely high at some sites in the Lower Catchment, because temporary 
influxes of surface water (i.e. bank storage) are recorded as recharge, whereas these 
contributions are generally not included in the estimates from other methods. This is 
a very important finding, as recharge estimates made using the WTF method may 
over-estimate the size of the resource when this method is applied to settings where 
bank storage processes are prominent. As a result of this over-estimation of the 
groundwater resources, groundwater planners could potentially over-allocate 
groundwater abstraction volumes, resulting in aquifer drawdown and groundwater 
shortages. Therefore, the recharge estimates for the Lower Catchment (Figure 6.12) 
are based on the results of the tritium mixing method, as the WTF method appears to 
overestimate recharge in this part of the catchment. 
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Estimates of catchment-wide recharge were variable, depending on the 
method of investigation. The water budget method generated recharge estimates of 
approximately 41-56 mm/year (corresponding to 5-7% of average annual rainfall), 
representing the hydrological conditions that occurred during periods of average 
rainfall. Recharge estimates from the tritium mixing method and the water-table 
fluctuation (WTF) method were variable, as a result of local hydrogeological factors, 
such as the geology or the distance from the creek. Based on recharge estimates from 
these methods, the catchment-wide recharge is approximately 86 mm/year 
(corresponding to 10% of average annual rainfall). This estimate is higher than those 
of the water budget method, probably due to extreme rainfall events prior to and 
during the period of measurement. This highlights the effect that variations in rainfall 
can have on recharge estimates that are obtained using chemical tracers (i.e. tritium) 
and the WTF method. This is an important consideration, as the over-estimation of 
groundwater recharge could result in flawed numerical groundwater models, and/or 
the over-allocation of groundwater resources.  
Recharge rates vary spatially, due to differences in geology, geomorphology 
and the interactions between Cressbrook Creek and the alluvium. In the Upper 
Catchment, alluvial groundwater is predominately recharged by diffuse infiltration of 
rainfall, and recharge rates vary from approximately 132-252 mm/year, with an 
average recharge rate of 198 mm/year (corresponding to 23% of average annual 
rainfall; Figure 6.10). In the Mid Catchment, recharge rates vary depending on 
proximity to the creek. For wells located close to the creek, recharge ranged from 
128-189 mm/year, with an average recharge rate of 155 mm/year (corresponding to 
18% of average annual rainfall). In contrast, for wells distal to the creek recharge 
ranged from 4-90 mm/year, with an average recharge rate of 50 mm/year 
(corresponding to 6% of average annual rainfall). In the Lower Catchment, recharge 
rates for wells located proximal to the creek ranged from 80-110 mm/year, with an 
average of 91 mm/year (corresponding to 11% of average annual rainfall). For wells 
distal to the creek, recharge rates ranged from 4-25 mm/year, with an average of 13 
mm/year (corresponding to 2% of average annual rainfall). 
It is important to note that annual recharge estimates may vary depending on 
the weather conditions that were encountered during and before recharge estimation. 
During periods of high rainfall, the soil is moist and water is transmitted through the 
unsaturated zone more rapidly (Richards 1931) and less water is lost to evaporation 
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and wetting of the soil. Furthermore, in catchments with intermittent streams, such as 
the study area, channel leakage may be the dominant recharge process, and creek 
flow may cease completely during dry periods (Figure 6.3), leading to a significant 
decrease of recharge. 
Recharge estimates are an important consideration for management of water 
resources (Crosbie et al. 2010), and it is often difficult to estimate recharge 
accurately (de Vries and Simmers 2002). Therefore, it is essential to understand how 
recharge was measured; what assumptions the method requires and what processes 
are measured. It is critical that groundwater managers understand these issues, 
particularly in relation to bank storage, as land users will only have access to bank 
storage for a limited period, due to its temporary nature.  
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This integrated study provides an improved understanding of hydrological 
processes in the alluvial aquifer of Cressbrook Creek, particularly those relating to 
interactions between the alluvial aquifer and the creek, and the impact of drought and 
flood cycles. Many of the findings from this study are transferable to other alluvial 
catchments with similar geological and hydrological regimes, particularly those with 
ephemeral or intermittent streams.  
The methodologies used in this study have built upon existing 
hydrogeological procedures relating to the assessment of recharge processes and the 
identification of aquifer interactions. These methods can be transferred to similar 
settings to assess hydrological processes. Notable outcomes in this regard include: 
• Integration of a 3D geological model with a MSA of time series 
hydrochemical data. This method was used to successfully describe 
spatial and temporal differences in recharge processes that result from 
geomorphological and climatic variations; 
• Use of time series rainfall stable isotope data to determine recharge 
processes and the effect of flooding; 
• Multi-isotope investigation coupled with a comprehensive 
hydrochemical assessment to identify bedrock seepage in a complex 
geological catchment; 
• Evaluation of implications of bank storage and channel leakage 
processes, in relation to recharge estimates attained with the WTF 
method, and chemical tracers, such as Cl and tritium;  
• Assessment of the effect that variations in rainfall can have on 
recharge estimates that are obtained using chemical tracers (i.e. 
tritium) and the WTF method; and 
• Regression deconvolution of groundwater level data to quantitatively 
assess potential recharge rates in an alluvial aquifer system. 
 
 The alluvium of the catchment is generally composed of a fining-upwards 
sequence, consisting of coarse-grained sands and gravels at the base and fine-grained 
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silts and clays towards the top. Sediments are generally more coarse-grained in the 
upper parts of the catchment, and they become progressively more fine-grained with 
distance downstream, features typical of such catchments.  
 Interaction between the creek and the surrounding alluvium is variable 
temporally and spatially, and can reverse depending on the rainfall regime. A further 
consideration is extraction of water from both the stream and the alluvial aquifer. 
Baseflow to Cressbrook Creek is predominately generated in the upper parts of the 
catchment, where rainfall rapidly infiltrates the unsaturated zone, due to the coarse-
grained sediments in this part of the catchment. In the lower parts of the catchment, 
diffuse infiltration is limited by the thick, low permeability layer that overlies the 
basal sands and gravels. However, this low permeability layer is incised by 
Cressbrook Creek, and channel leakage is therefore the predominant recharge 
process in this area.  
 Alluvial groundwater salinities are largely controlled by evapotranspiration 
processes, but the hydrochemical signatures are overprinted by other processes, such 
as silicate dissolution, resulting in relatively high Ca and Mg in some of the more 
evolved groundwaters. In the lower parts of the catchment, groundwater samples 
collected from wells located near the creek have lower salinities than wells located 
distal to the creek, as a result of channel leakage. Periods of high streamflow and 
flooding are particularly important for such channel discharge in the Lower 
Catchment; these are areas where groundwater salinities may increase during periods 
of low creek flow.  
 Bedrock seepage to the overlying alluvium is apparent in locations where 
there is limited recharge, although it is difficult to determine if this process is 
negatively affecting the groundwater quality at these sites.  
 The alluvial system of Cressbrook Creek is recharged at a rate of 
approximately 41-56 mm/year (corresponding to 5-7% of average annual rainfall), 
based on the results of the water budget method. However, the catchment-wide 
recharge estimate from the water-table fluctuation method and tritium was 
significantly higher (86 mm/year, corresponding to 10% of average annual rainfall). 
This result highlights the effect that variations in rainfall can have on recharge 
estimates that are obtained using chemical tracers (i.e. tritium) and the WTF method. 
This is an important outcome, as the over-estimation of groundwater recharge could 
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result in flawed numerical groundwater models, and/or the over-allocation of 
groundwater resources. 
Recharge is not evenly distributed throughout the catchment because of 
variations in geology, topography and hydrological interactions between the creek 
and the alluvial aquifer (i.e. gaining stream or losing stream). In the Upper 
Catchment, groundwater recharge estimates vary from approximately 132 to 252 
mm/year. In the Mid and Lower Catchment, recharge estimates vary depending on 
the proximity of the well to the creek. In the Mid Catchment, recharge estimates vary 
from 128-189 mm/year at sites located proximal to the creek, however, wells located 
distal to the creek receive 4-90 mm/year. In the Lower Catchment, recharge 
estimates varied greatly, depending on the method applied. Recharge estimates made 
using the WTF method are higher than those based on the tritium mixing method. 
For the WTF method, temporary water influxes relating to bank storage are measured 
as recharge, whereas the tracer methods do not account for this temporary ‘recharge’. 
This is an important outcome, as it would be misleading to use these recharge 
estimates in numerical models or to assign abstraction volumes. As a consequence, 
results from the WTF method were not included in the estimates of recharge for the 
Lower Catchment where bank storage is widespread. Recharge rates for wells 
located distal to the creek range from 4 to 25 mm/year, whereas recharge rates for 
wells located close to the creek range from 80 to 110 mm/year.  
This thesis provides a holistic assessment of the Cressbrook Creek alluvium 
based on an integration of the physical framework, with measurements of dynamic 
processes plus a range of hydrochemical and isotopic methods to enable an 
understanding of the hydrology of this aquifer system. The spatial and temporal 
trends described in this thesis are applicable to alluvial settings where surface waters 
and groundwaters interact, particularly in areas with intermittent or ephemeral 
streams. It is becoming increasing important to understand these interactions, as 
water resource planners appreciate the need to manage surface- and groundwater as a 
single resource, rather than as two separate entities. Moreover, with the predicted 
increase in climate variability, it is becoming increasingly important to understand 
the impacts that drought and flood cycles have on groundwater resources. 
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11th Australasian Environmental Isotope Conference & 4th Australasian 
Hydrogeology Research Conference: Cairns, Australia. 2011 
 
Flood Pulses and the Alluvial Aquifer Response in an Ephemeral Stream, Upper 
Brisbane River Catchment 
King, A. C., Cox, M. E., Raiber, M., and Taulis, M. E. 
The link between surface and groundwater is becoming more important as regulators 
seek to manage water as a single resource. This study investigates a reach of 
Cressbrook Creek (Southeast Queensland), an ephemeral stream which has been 
flowing for over 12 months due to above average rainfall. The study site is 
downstream of a recharge weir, near the centre of this elongate catchment. 
A network of data loggers was established in November 2010 and 
fortuitously captured the surface and groundwater responses to recent flood events at 
15 minute intervals. Several monitoring records are considered in detail: CC1 in 
Cressbrook Creek, and two adjacent piezometers 0089 and 0090, located 150 m and 
300 m from the creek respectively. Both are screened in alluvium.   
The most notable event recorded was two days (10 & 11-Jan-2011) of 
flooding both upstream and downstream of the site. Flooding of the site itself was 
limited due to the deep incision of the stream channel, but stream levels rose by 4.8 
m; groundwater levels increased by 4.0 m at 0089 and 3.3 m at 0090.  
The record from CC1 in the creek showed three distinct peaks during the two days of 
high flow. The groundwater response in the two adjacent bores was less intense, but 
showed a similar trend, with peaks occurring approximately 3-4 hours later than the 
surface water peak.  
Water levels at stream site CC1 dropped below groundwater levels 
approximately two days after the flood peak, and water in the alluvium began to flow 
back to the creek. This bank storage discharge was calculated at around 0.1 m3/day 
per longitudinal metre of stream using Darcy’s Law.  
Ongoing monitoring will record the transition back to a losing stream, and provide 
estimates of recharge from the flood events, plus data for the whole catchment. 
 
Keywords: flood pulse, alluvial groundwater, bank storage, ephemeral stream, 
Cressbrook Creek   
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Determination of recharge processes in an alluvial system by integration of 
environmental tracer analyses and hydrological data, Cressbrook Creek 
catchment, southeast Queensland 
King, A. C., Cox, M. E., Raiber, M., and Taulis, M. E. 
 
This study uses hydrological data and environmental tracers, such as stable isotopes 
(δH and δ18O) and major ions, to identify recharge processes in the Cressbrook Creek 
alluvial system. This well-defined catchment is composed of metamorphic and 
igneous rocks in upstream sections and sedimentary rocks downstream. Alluvial 
deposits form a significant aquifer system, notably in the lower 40% of the 
catchment, and near the confluence with the larger Brisbane River. The alluvial 
aquifer hosts intensive irrigation but has been under stress from the prolonged 
drought to the end of 2009. A monitoring network consisting of 40 surface and 
groundwater sites, including 20 automated data loggers, established in late 2010 
recorded the response to heavy rainfall and subsequent flooding in February 2011. 
Stream and groundwater hydrographs and stable isotope analyses indicate that the 
alluvium is recharged by diffuse infiltration of rainfall and runoff in the upper 
catchment, whereas it is mostly recharged directly by the creek in the lower 
catchment. Groundwater samples in many alluvial bores show evaporation, and some 
collected near the Brisbane River in the lower catchment are isotopically depleted, 
probably reflecting recharge from the underlying sedimentary bedrock aquifer. 
Analysis of other tracers, including 87Sr/86Sr, 3H and 14C is currently in progress and 
will be used to determine relative ages and confirm sources of water and mixing. 
Environmental tracers are shown to be an effective tool for the identification of 
recharge processes in this setting, especially when they are integrated with 
hydrochemistry and hydrological data such as detailed hydrographs. 
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Congress: Perth, Australia. 2013 
Use of multi-isotope surveys to identify bedrock-alluvium interactions, 
Cressbrook Creek Catchment, southeast Queensland 
King, A. C., Raiber, M., Cendon, D., and Cox, M. E. 
Radiocarbon (14C) is commonly used to study groundwater residence times, but the 
interpretation of results is often subject to a high degree of uncertainty due to 
interaction with modern and ‘dead carbon’, especially for relatively young 
groundwater or groundwater that has interacted with organic material. To address 
this concern, 87Sr/86Sr ratios, δ2H and δ18O, combined with tritium and radiocarbon 
are used to identify zones where older bedrock water recharges the alluvial aquifer of 
the Cressbrook Creek catchment in southeast Queensland. 
Cressbrook Creek is an intermittent stream that is primarily recharged by 
groundwater in the upper catchment. The alluvial system overlies variable bedrock 
with metamorphic rocks, rhyolites and granites in the headwaters, and sedimentary 
sequences (mostly sandstones) downstream. The catchment has largely been dry 
during a decade of drought, but has flowed continuously since 2010 and experienced 
severe flooding in January 2011.  
Groundwater samples collected from alluvial and bedrock aquifers in June 
2011 were analysed for a range of environmental tracers. Six alluvial waters were 
analysed for 14C; of these, four are modern. The other two samples have pMC values 
of 88.0 and 81.1 (uncorrected ages of 1,045 and 1,680 years; Sites A and B, 
respectively) whereas tritium analyses indicate an age of less than 100 years for the 
same samples. This disparity in groundwater ages may have been caused by: 1) 
seepage of older bedrock groundwater into the alluvium; or 2) carbonate dissolution 
processes. Therefore, evidence from other tracers, including 87Sr/86Sr, was assessed 
as an independent constraint to support the conceptual understanding of aquifer 
interactions. Alluvial groundwater from Site A has an enriched 87Sr/86Sr signature, 
indicating that it has probably received recharge from the underlying granite aquifer. 
Groundwater from Site B has a lower 87Sr/86Sr ratio than the other alluvial 
groundwaters, which indicates this site probably received recharge from the 
underlying sandstone aquifer. 
Key words: Radiocarbon, tritium, strontium isotopes, aquifer interactions, alluvial 
aquifers 
